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ABSTRACT 


T«dinlqa«8  in  g«n«r«l  usage  In  the  laboratory  are  described. 
Included  are  those  used  to  obtain  high  vacua,  to  provide  clean 
surfacea  to  deposit  Ha  on  these  surfaces  and  to  measure  their 
work  functions.  A  method  used  to  fabricate  hesilspherlcal  grids 
Is  also  described. 

Various  studies  of  sodlosi  covered  surfaces  are  described. 

The  dependence  of  work  function  on  the  degree  of  coverage  Is  not 
reproducible  and  aeeoM  especially  to  depend  on  whether  the  sodium 
Is  laid  down  as  atoms  or  as  Ions.  Electron  diffraction  studies 
show  that  the  surface  structure  of  the  Ge  crystal  Is  changed  In 
the  presence  of  the  adsorbed..  Ha  and  a  detailed  description  of 
the  effect  of  temperature  on  the  structure  is  given.  Secondary 
electron  emission  was  also  studied  as  a  function  of  Ha  coverage 
and  preliminary  energy  analyses  of  the  secondary  electrons  are 
presented. 

A  study  of  the  surface  properties  of  Ge  using  field-emission 
microscopy  was  Initiated  as  an  extension  of  the  above-described 
studies  of  Na  overlayers  on  Ge.  Field  electron  emission  patterns 
were  observed  from  two  Ge  oiltter  tips  with  their  surfaces  In 
the  original  contaminated  state.  Attempts  to  clean  the  surfaces 
by  high  field  desorption  have  so  far  been  unsuccessful. 

A  system  for  the  production  and  Investigation  of  photo- 
emissive  yield  dependence  on  thickness,  temperature  and  composi¬ 
tion  of  Na3Sb  films  Is  described.  From  the  results  of  an 
experiment  with  this  system,  some  speculations  are  made  concerning 
film  formation  processes. 

A  glovebox  and  argon  purification  facilities  were  obtained 
and  were  Integrated  Into  one  system.  This  system  Is  to  be  used 
in  the  synthesis  and  the  measurement  of  the  conductivity  and 
Hall  effect  of  Na3Sb  In  bulk  form. 

Brief  descriptions  are  given  of  the  apparatus  to  be  used 
In  a  study  of  anomalous  photovoltaic  effects  in  evaporated  and 
sputtered  Ge  films. 
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INTItODUCTIQN  AND  SUNMART 


The  general  objective  of  the  research  described  In  this 
report  Is  to  augaent  the  understanding  of  photoesdtters  and  the 
photoeod-sslon  process.  While  little  attention  has  been  given 
to  the  Beasuresutnt  of  photoeolsslon  Itself,  a  large  portion  of 
the  program  Is  concerned  with  the  details  of  the  lowering  of 
surface  barriers  by  alkali  adsorption;  this  process  Is  of  obvious 
Importance  to  photoemlsslon.  Another  phase  of  the  program  la 
concerned  with  the  semiconducting  properties  of  the  {diotoemlttlng 
alkali  antlmonldes,  with  emphasis  on  the  correlation  of  properties 
with  composition.  Again  the  relation  to  the  photoemlsslon  proc¬ 
ess  is  obvious. 

More  recently  a  third  {^ase  has  been  added  to  the  program. 

It  has  no  direct  bearing  on  the  understanding  of  photoemlsslon 
but  Is  related  In  the  sense  that  the  phenomena  under  study  have 
potential  applications  In  areas  where  photoeodtters  are  now  used. 
This  i^se  Is  concerned  with  the  understanding  of  the  large 
photovoltaic  effects  observable  In  thin  films  of  certain  semi¬ 
conducting  materials. 

The  various  experlsients  carried  out  under  the  three  phases 
of  the  program  are  outlined  below  while  the  progress  Is  described 
In  more  detail  In  later  sections  of  the  report.  Details  of 
earlier  work  on  the  same  topics  may  be  found  in  refs.  1  through  7. 

1.1  Experimental  Tedhtnlques 

Although  ell  sections  of  the  report  contain  descriptions 
of  experimental  techniques,  those  common  to  more  than  one  ex¬ 
periment  are  assembled  In  a  single  section  (Sec.  2.1)  for 
convenience.  There  will  be  found  descriptions  of  the  vacuum 
techniques  employed,  and  of  the  methods  used  In  sputtering, 
sodium  deposition  and  measurement  of  the  work  function.  There 
Is  also  a  brief  description  (Sec.  2.1.5)  of  the  preparation  of 
heailapherlcal  grids  for  use  In  the  slow  electron  diffraction 
study. 


1.2  Overlayer  Studies 

1.2.1  A  Study  of  the  Influence  of  Adsorbed  Na  on 
the  Work  Function  of  6e 

The  lowering  of  the  surface  barrier  of  solids  by  the  ad¬ 
sorption  of  electropositive  species  Is  an  extrmaely  Important 
phenomenon  In  any  application  of  electron  emission.  In  the  case 
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of  photooloctrlc  «ml88lon,  the  long-waveleneth  thre8hold  can  be 
greatly  extended  by  the  adeorptlon  of  alkali  or  alkali-earth 
element 8*  A880clated  with  this  extension  is  a  sharp  decrease  in 
work  function.  It  is  the  purpose  of  this  portion  of  the  program 
to  provide  a  better  understanding  of  this  phenomena  for  certain 
selected  systems. 

The  work  on  this  phase  the  project  dealt  with  the  system 
Na  on  Qe.  Ge  was  chosen  because  of  the  extensive  theoretical  and 
experimental  information  available  in  the  literature,  having  to 
do  with  its  semiconducting  properties,  and  also  because  the 
general  method  for  preparing  atomically  clean  surfaces  of  single 
Ge  crystals  is  thoroughly  developed  and  is  widely  accepted. 
Sodium  was  chosen  as  the  overlayer  material  because  of  the  large 
effect  it  could  be  expected  to  produce,  and  also  because  it  is 
more  convenient  to  work  with  in  a  vacuum  system  than  the  more 
conventionally  used  cesium. 

The  object  of  the  experiment  is  to  start  from  the  atomically 
clean  surface,  depositing  measured  amounts  of  sodium  and  meas¬ 
uring  the  Influence  this  sodium  has  on  the  work  function. 

During  the  course  of  the  experlsient  It  became  necessary  to 
develop  techniques  for  producing  a  clean  surface,  depositing  Na 
and  measuring  work  function  shifts,  and  a  large  portion  of  the 
experimental  work  dealt  with  refining  these  techniques.  These 
techniques  are  described  in  Sec.  2.1.2  (argon  sputtering), 

Sec.  2.1.3  (Na  deposition),  end  Sec.  2.1.^  (work  function  measure¬ 
ment)  . 


After  the  reflnesient  of  these  techniques  was  completed, 
measurements  were  taken  on  the  111  face  of  a  Ge  crystal.  Pre¬ 
liminary  measurements  indicate  that  the  dependence  of  work 
function  on  overlayer  coverage  is  more  complex  than  the  de¬ 
pendence  of  photoelectric  threshold  on  over layer  coverage. 
Furthermore,  the  results  indicate  that  the  dependence  may  be 
influenced  by  the  method  of  deposition  used,  that  is,  the  results 
for  atosde  deposition  (Fig.  8)  may  differ  from  those  for  ionic 
deposition  (Fig.  9). 

1.2.2  Electron  Diffraction  Studies  of  the  Structure 
of  Na  Adsorbed  on  Ge 

Surface  overlayer  studies  on  germanium  and  silicon  have  been 
undertaken  in  this  laboratory  because  of  the  profound  effect  of 
surface  barrier  reduction  on  electron  emission.  Motivation  for 
electron  diffraction  studies  was  provided  by  a  desire  for  under¬ 
standing  the  mechanism  of  surface  barrier  reduction  by  an 
adsorbed  surface  overlaycr.  Because  knowledge  of  surface  struc¬ 
ture  will  ^eatly  enhance  progress  towards  this  goal,  slow 
electron  diffraction  studies  are  being  made  on  clean  germanium 


2 


sorfaces  with  various  sodium  overlayer  coverages.  Structure 
changes  as  s  result  of  the  deposited  overlayer  are  being  observed. 

Slow  electrons  are  diffracted  predominately  by  the  first 
few  atom  layers  near  the  surface.  Thus  the  pattern  observed  Is 
characteristic  of  the  surface  structure  and  the  bulk  structure 
only  enters  as  a  second  order  effect.  The  periodicity  of  a 
single  crystal  does  not  extend  to  the  vacuum  surface  in  most 
cases  because  a  **perfect'*  surface  Is  not  usually  the  lowest 
ener^  state.  Rearrangement  of  the  surface  layers  Is  normally 
required  to  achieve  strong  chemical  bonding  among  surface  atoms. 
Since  the  surface  must  be  In  register  with  the  bulk,  many  of  the 
symnetry  properties  of  the  bulk  structure  are  reflected  in  the 
surface  structure.  However  the  size  of  the  unit  surface  mesh  Is 
normally  larger  than  that  of  the  bulk  because  of  the  rearrange¬ 
ment  process.  Thus  fractional  order  beams  are  observed  which  are 
characteristic  of  the  surface  structure  only. 

Electron  diffraction  studies  have  been  made  on  the  (111) 
face  of  two  Intrinsic  geraanlum  single  crystals.  One  crystal 
was  cut  from  an  Ingot,  mechanically  polished,  and  etdied  In  CP-4. 
The  other  crystal  was  grown  In  the  form  of  a  thin  ribbon  and 
required  no  polishing.  Because  the  ribbon  crystal  had  a 
^’natural'*  optically  flat  surface  which  was  much  smoother  than 
the  surface  obtained  on  the  Ingot  crystal,  electron  diffraction 
studies  are  being  made  almost  exclusively  on  this  crystal. 

Electron  diffraction  patterns  were  observed  from  both 
crystals  after  an  argon  sputtering  treatment  followed  by  a  high- 
temperature  annealing.  In  addition  to  the  strong  Integer  order 
hexagonal  pattern  characteristic  of  the  germanium  (111)  plane, 
weaker  l/2  order  beams  were  observed  Indicating  a  double  spaced 
surface  mesh  In  agreement  with  other  workers  (refs.  12,  27). 

Also  detected  were  l/8  order  beams  centered  around  the  (I/2  I/2) 
beam  (Fig.  12). 

Deposition  of  sodium  had  the  effect  of  first  relaxing  the 
double  surface  spacing  at  low  coverages  and  then  of  dlsming  the 
pattern  increasingly  as  a  mcmolayer  coverage  was  approa^ed. 

Sodium  coverage  was  monitored  by  measuring  the  work  function  of 
the  crystal  with  a  low  energy  electron  gun  (Sec.  2.1.4).  It  Is 
believed  that  the  sodium  did  not  contrlbote  significantly  to  the 
diffraction  pattern  (because  of  Its  relatively  small  atomic 
number)  and  that  the  changes  observed  resulted  from  substrate 
structure  changes  only. 

Very  rmsarkable  changes  In  the  diffraction  pattern  were 
observed  while  heating  the  crystal  after  deposition  of  sodium. 
Heating  the  crystal  slightly  (approximately  100*C>)  by  radiation 
from  a  200  watt  lamp  at  low  overlaycr  coverages  produced  a  very 
strong  6e  (111)  4-Ha  pattern  (see  Sec.  2.2.2  for  definition  of 
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notation)  ohile  low  temparatnra  boating  at  full  cowaraga  producad 
a  Oa  (Ill)  1-Ha  atructnra.  Thoaa  baalc  atructnraa  vara  tha  only 
two  stable  structorea  obaartrad  during  evaporation  and  deposition 
of  sodluB,  Conversion  of  tbe  6a  (111)  A-Ha  structure  to  tbe 
Ge  (111)  1-Na  structure  and  vice  versa  required  beating  In  all 
cases.  Tbe  temperature  required  for  tbe  converslMi  process  de¬ 
pended  on  tbe  bistory  of  tbe  crystal  as  well  as  tbe  overlayer 
coverage,  suggesting  that  the  sodium  may  have  diffused  Into  the 
crystal  rather  than  evaporating  during  beating.  This  conjecture 
Is  supported  by  secondary  electron  emission  results  as  explained 
In  Sec.  2.2.3. 

As  mentioned  above,  the  electron  diffraction  patterns  ob¬ 
tained  from  sodium  covered  germanium  surfaces  are  probably 
characteristic  only  of  the  germanium  structure.  The  presence  ■ 
of  sodium  is  manifested  in  the  diffraction  pattern  only  through 
the  resulting  changes  In  the  germanium  structure.  Thus  a  unique 
surface  model  may  be  impossible  with  the  present  data.  However 
no  final  conclusions  are  being  made  since  further  study  and 
analysis  are  needed. 

1.2.3  Secondary  Electron  Etailssion  from  Na-Covered  Ge 

Secondary  electron  emission  may  be  separated  Into  three 
processes:  (1)  the  production  of  Internal  secondary  electrons 
by  excitation  from  the  prlisary  electron  beam.  (2)  migration  of 
the  secondary  electrons  through  the  crystalline  lattice  to  the 
vacuum-solid  Interface,  and  (3)  the  escape  of  the  internal 
secondary  electrons  Into  the  vacuum.  The  first  two  processes 
are  determined  by  the  bulk  properties  of  the  crystal  and  are 
relatively  Independent  of  sample  treatment.  The  third  process, 
however,  is  strongly  dependent  on  the  exact  nature  of  the  surface 
and  is  therefore  Influenced  by  environment  and  crystal  treatment. 
Thus  it  is  Important  to  know  the  surface  structure  in  a  reliable 
study  of  secondary  emission. 

The  surface  properties  which  have  Important  effects  on  the 
escape  of  Internal  secondary  electrons  are  the  electron  affinity. 
Internal  electric  field,  and  surface  structure  or  order.  The 
most  Important  effect  Is  the  electron  affinity  which  determines 
a  lower  bound  on  the  internal  electron  energy  required  for  escape 
Into  the  vacuum.  Surface  structure  strongly  affects  the  energy 
loss  mechanism  of  internal  electrons  as  they  approach  the  surface 
as  well  as  their  reflection  coefficient  from  the  vacuum-solid 
boundary.  A  third  effect  ^i^  is  Important  for  smniconductors 
and  Insulators  Is  the  Internal  electric  field  whlcdi  Is  a  function 
of  bulk  impurity  concentration,  surface  order,  and  foreign  atom 
overlayers.  The  internal  electric  field  plays  an  Important  rqle 
vdienever  It  extends  over  a  distance  comparable  to  the  mean 
escape  depth  of  secondary  electrons. 


Th*  tnbc  (Fig.  10)  designed  for  electron  diffraction 
studies  of  sodium  overlayers  on  germanium  Is  Ideal  for  studying 
the  effect  of  the  surface  condition  on  secondary  electron  emis¬ 
sion.  Gleaning  the  crystal  by  argon  bombardment  and  subsequent 
observation  of  the  electron  diffraction  pattern  provides  a  high 
degree  of  confidence  that  a  clean,  well  ordered  surface  has  been 
obtained.  Having  obtained  a  clean  surface,  it  la  possible  to 
observe  the  effect  of  electron  affinity  by  deposition  of  a 
sodium  overlayer.  The  electron  affinity  Is  Inferred  from  work 
function  measurmnents.  Because  the  work  function  Is  affected 
by  the  internal  field  as  well  as  the  electron  affinity,  It  is 
necessary  to  make  some  conjectures  concerning  the  effect  of 
sodium  overlayers  on  the  Internal  field. 


The  electron  diffraction  chamber  Is  conveniently  used  for 
measuring  secondary  electron  yields  and  energy  distribution  of 
the  secondary  electrons.  The  spherical  grid  geometry  allows 
energy  distribution  curves  of  secondary  electrons  to  be  obtained 
qu^e  accurately  by  emplo3d.ng  the  retarding  field  method.  The 
derivative  of  the  retarding  field  curves  is  obtained  electron¬ 
ically  (Fig,  20)  and  displayed  directly  on  an  X-Y  recorder. 


A  series  of  secondary  emission  yield  curves  for  various 
overlayer  coverages  were  taken  (Fig.  li|)  on  the  ingot  germanium 
crystal.  The  maximum  yield  Increased  from  a  value  of  1,29  after 
cleaning  to  5.86  at  optimum  overlayer  coverage.  The  primary 
electron  energy  at  maximum  yield  Increased  from  about  600  eV  to 
about  2  k  eV,  The  low  energy  end  of  the  secondary  emission 
yield  curves  is  expanded  and  shown  in  Fig.  15.  Structure  in 
these  ci^es  is  resolved  at  primary  energies  of  about  9  eV  and 
23  ey  and  ap^ars  to  be  related  to  the  reflection  of  low  energy 

Sy'asssin  w/" 


secondary  electron  emission  vs.  work 
de^nstrated  in  semi-logarithmic  plots  shown  in 

exponential  dependence  of 

^condary  electnron  yield  on  work  function  over  the  major  part 

interval  e^lored.  However,  breaks  in  the  curves  u>e  ob- 
1  f unctlOT  value  near  k  eV  which  may  have  a  re- 

irtlon  to  the  observed  break  in  the  work  function  vs.  overlayer 

germanium  (Fig.  18).  Possible  interpretation 

The  secondary  yield  is  calculated  by  using  the  total  nuiiber 

^**®  One  should  distinguish  be- 

Ca)  elastically  reflected 

®j*  inelastically  reflected  primaries,  and  (c)  **true” 
toerj^  distribution  curves  of  the  secondary  elec¬ 
trons  resolve  the  three  types  of  emitted  electrons.  The  low 
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•ncrgy  or  "alov**  pok  corroaponda  to  tha  trua  aacondarlaa,  Tha 
paak  cantarad  about  tha  prluary  anargy  corraaponda  to  tha  alaa- 
ticallr  acattarad  alactrona  whlla  tha  paaka  haring  anargy  naar 
tha  priaary  anargy  corraapond  to  prlaary  alactrona  whldi  anffar 
Inalaatlc  colllalona*  Tha  anargy  dlffaranca  batwaan  tha  alaatlc 

feak  and  tha  Inalaatlc  paaka  corraapond  to  charactarlatlc  anargy 
oaaaa  raanltlng  from  quantum  axcltatlona  In  tha  cryatal. 

Biergy  dlatrlbntlon  curvaa  for  claan  garmanlum  are  lllua- 
tratad  in  Fig.  21.  A  charactarlatlc  anargy  loaa  of  about  17  aV 
la  obaarrad  idilch  la  Intarpratad  aa  an  electron  plaama  excitation. 
A  broadening  of  the  alow  peak  waa  obaerved  with  decreaalng  primary 
energy.  Thia  la  conalatent  with  the  fact  that  electron  affinity 
reduction  la  moat  effective  In  enhancing  the  3rleld  at  high 
primary  energies  (compare  Flga.  16,  17).  Caaual  obaervatlon  of 
the  elaatlc  and  Inelaatlc  wLaary  peaka  indicated  no  obvloua 
change  with  Na  coverage.  Improved  equipment  obtained  recently 
ahould  reault  In  greater  accuracy  of  thoae  meaaurementa  enabling 
the  effect  of  electron  affinity  on  the  energy  dlatrlbutlon  to  be 
reaolved. 


1.2.4  Fleld-EOilaalon  Mlcroacopy 

Aa  a  complement  to  the  other  studlea  of  the  Na:Ge  ayatem, 
a  atudy  ualng  the  te^nlque  of  fleld-emlaalon  mlcroacopy  waa 
Initiated  thia  period.  Thia  technique  allowa  the  almnltaneoua 
atudy  of  aeveral  cryatal  facea,  the  cleanllneaa  of  which  can  be 
obaerved  at  any  time.  The  high  flelda  Inherent  in  the  device 
may  be  eBiplo3red  to  clean  the  aurface  by  field  deaorptlon  of  the 
cmtamlnatlng  fllma.  Aa  la  well  known,  the  f  leld-ei^aalon  micro* 
acope  la  particularly  aulted  for  the  atudy  of  adaorptlon 
phenomena.  In  particular,  work  function  cdiangea  and  the  charac- 
terlatlc  energlea  aaaoclated  with  adaorptlon  and  auxface  dlffnalon 
may  be  determined,  and  the  anlaotropy  In  coverage  obaerved  for 
the  Na:Ge  ayatem.  Thua  the  technique  will  be  a  very  valuable 
addition  to  thoae  already  available  In  the  laboratory. 

Obaeirvationa  of  a  clean  tungaten  emitter  have  been  made 
In  a  almple  mlcroacope.  An  Improved  mlcroacope  haa  been  con- 
atmcted  for  obaervatlon  of  6e  emlttera  and  for  the  propoaed 
adaorptlon  atudlea.  A  6e  emitter  atructnre  (Fig.  24)  was  de¬ 
signed  idilch  forma  ita  own  heating  loop  and  i^lch  can  be  accom¬ 
modated  In  a  coanerclal  electron  mlcroacope  for  determination 
of  the  emitter  geometry.  The  geometry  of  the  emitter  tip  mnat 
be  known  if  quantitative  evaluation  of  the  field  emlaalon  data 
la  to  be  made.  Several  emlttera  employing  thia  dealgn  have  been 
fabricated.  A  almpllfled  emitter  atructnre  haa  been  maployed 
teaq>orarlly  until  the  techniquea  pertinent  to  tip  formation  and 
cleaning  have  been  developed. 
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A  basic  raquiremant  of  the  proposed  studies  is  the  attain¬ 
ment  of  an  atomically  clean  emitter  surface  after  the  high  Tacuum 
conditions  have  been  attained.  Attempts  to  clean  Oe  esdtters 
using  field  desorption  hare,  so  far.  been  unsuccessful.  An  im¬ 
proved  field  desorption  technique  will  be  used  in  the  future. 

1.3  Studies  of  the  Compound  Na^Sb 


1.3.1  Studies  of  Na^Sb  Films 

The  alkali  antlmonide  family  of  semiconducting  fllias  is 
of  considerable  Interest  because  of  their  outstanding  photoemis- 
slve  properties.  Of  the  family,  CssSb  has  been  the  most  widely 
studied,  no  doubt  due  to  its  high  quantum  efficiency  in  the 
visible  spectrum.  Probably  because  of  its  relatively  low  ef¬ 
ficiency  and  high  threshold  ttiergy,  NasSb  has  received  very 
little  attention.  NasSb.was  chosen  for  the  initial  investiga¬ 
tion  of  this  i^se  of  the  resear^  in  an  effort  to  gain  an 
insight  into  the  mechanism  responsible  for  the  high  quantum  ef¬ 
ficiency  associated  with  the  whole  group  of  alkali  antimonldes 
as  well  as  to  obtain  specific  information  concerning  the  semi¬ 
conducting  properties  of  this  relatively  unstudied  compound. 
Furthermore,  it  will  be  advantageous  to  compare  semiconducting 
properties  of  the  fllsis  with  those  of  the  bulk  Na3Sb  ^Ing  studied 
in  another  phase  of  the  project. 

It  is  the  intention  of  this  investigation  to  correlate  the 
{^otoemissive  yield  with  semiconducting  properties  and  deposition 
parameters  by  performing  conductivity,  photoconductivity.  Hall 
effect,  lifetime,  i^otoelectric  and  energy  distribution  measure¬ 
ments  cm  the  films  during  and  subsequent  to  film  deposition  and 
formation. 

A  beam  evaporation  method  for  film  deposition  appeared  to 
be  better  suited  to  this  type  of  investigation  than  the  more 
ccmventlonal  vapor  reaction  methods.  A  large  part  of  this  in¬ 
terval  was  devoted  to  the  developsient  of  the  evaporation  method 
and  suitable  means  of  rate  control.  An  attempt  was  made  to  o^ 
tain  a  measurable  rate  control  by  means  of  a  double  evaporatlcm 
technique,  whereby  bulk  Na  and  Sb  were  evaporated  onto  metal 
heater  blocks  and  subsequently  re-evaporated  at  known  and  con¬ 
trollable  tesq>eratnres.  However,  due  to  several  difficulties, 
this  attempt  was  discontinued. 

A  new  vacmum  evaporation  system  (Fig.  26}  was  developed  in 
which  the  BMterials  are  evapcnrated  from  metal  containers,  the 
temperatures  of  which  arc  known  and  easily  controlled.  Bulk  Sb 
is  placed  in  erne  evaporator  prior  to  evacuatiem  and  Na  is  vacuum 
distilled  into  the  other  evaporator.  The  evaporation  rate  is 
determined  by  sieasuring  the  frequency  shift  of  a  vibrating  quartz 
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crystal  (Fig.  25)  exposed  to  the  evaporatlcm;  the  frequency  shift 
Is  proportional  to  the  mass  of  the  deposited  material.  It  Is 
advantageons  to  calibrate  this  device  by  measuring  the  thickness 
of  several  evaporated  films  with  multiple  beam  Interference 
techniques.  While  performing  such  a  calibration  it  Is  worth* 
while  to  detemd-ne  some  preliminary  photoemisslve  sdeld  dependence 
on  film  thickness,  composition  and  temperature. 

For  these  purposes  the  evaporation  unit  was  connected  to  a 
trolley  system  containing  12  movable  substrates  with  evaporated 
Att  electrodes.  The  final  thickness  of  the  films  deposited  on 
these  substrates  can  be  measured  with  the  Interference  techniques 
mentioned.  Also  Included  are  provisions  for  measuring  substrate 
temperature  and  photoemisslve  yield  during  film  deposition  and 
heating. 

To  date,  only  one  Na3.Sb  film  has  been  formed  In  this  sys¬ 
tem.  Na  was  deposited  in  varying  amounts  on  a  previously  de¬ 
posited  Sb  layer  while  the  photoemisslve  yield  of  the  sample 
was  measured  at  several  stages  of  the  Na  deposition ;  heating  of 
the  sample  was  also  monitored  with  photoemlsslon  measurements. 
Accompanying  these  depositions  and  heatings  were  subsequent  spec¬ 
tral  yield  measurements.  The  final  peak  yield  was  2  x  10”^ 
electrons/incident  quantum. 

The  results  of  this  one  experiment  led  to  qualitative 
speculations  concerning  the  film  formation  process.  It  appears 
that  near  stoichiometry  was  obtained  In  the  photosensitive  sur¬ 
face  region,  with  much  less  Na  present  than  that  necessary  for 
coBiplete  stoichiometry.  Although  heating  did  produce  some  3rleld 
changes,  activation  appeared  to  go  nearly  to  completion  at  room 
temperature.  It  was  also  possible  to  make  some  speculations 
concerning  the  effects  on  photoemisslve  yield  produced  by  Na  In 
excess  of  stoichiometric  proportions. 

1,3.2  Studies  of  Bulk  Na3Sb 

The  most  efficient  photoemitters  currently  available  are 
the  group  of  alkali  antlmonldes.  Although  thin  films  of  these 
cooipounds  have  been  extensively  studied  and  are  known  to  be  semi¬ 
conductors,  they  have  never  been  prepared  In  bulk  form  for  the 
purpose  of  carrying  out  standard  semiconductor  evaluation  ex¬ 
periments.  It  is  the  purpose  of  this  phase  of  the  project  to 
prepare  one  of  the  alkali  antlmonldes  (viz. 
polycrystalline  form  and  to  measure  the  res 
feet  versus  temperature  for  selected  speclm 
should  provide  an  Improved  understanding  of  the  defect  levels 
and  the  electrwi  scattering  processes  and  should  be  regarded  as 
only  a  first  step  In  a  pro^am  which  later  might  Include  such 
measurMsents  as  magnetoresistance,  photoconductivity  or  other 
types  which  the  preliminary  work  may  prove  to  be  desirable. 


,  Na3Sb)  In  a  compact, 
istlvlty  and  Hall  ef- 
Such  Information 
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A  glovcbox  syatem  in  lAilch  the  preparation  and  naaottrenanta 
will  ba  carriad  out  waa  conatructad.  The  aubaaaembliaa  of  an 
argon  purification  train  ware  pnrchaaed.  Thaae  aubaaaenbliea 
and  the  glovebox  ayatem  ware  connected  to  form  a  ayatMa  in  which 
Na3Sb  can  be  made  and  teated  (Fig.  30). 

1,4  Anomalone  Fhotowoltaic  Effecta  in  Semiconductor  Filma 


1.4.1  Evaporated  Ge  Filma 

During  thia  period,  a  atudy  of  the  anomaloua  photovoltaic 
effect  in  evaporated  aemicondncting  filma  waa  initiated.  Anoma¬ 
lous  photovoltagea  two  orders  of  magnitude  greater  than  the  band 
gap  have  been  reported  in  CdTe,  6a,  and  Si  films  (refs.  62,  63). 
The  purpose  of  this  phase  of  the  research  effort  is  to  attempt 
to  discover  the  mechanism  responsible  for  these  anomalous  photo¬ 
voltages  and  to  determine  the  conditions  necessary  for  the  pro¬ 
duction  of  this  mechanism. 

A  vacuum  system,  in  which  the  films  may  be  evaporated  and 
measurements  made,  has  been  constructed.  Special  attention  has 
been  given  to  the  angle  of  deposition,  substrate  temperature, 
and  the  pressure  of  residual  gases. 

1.4.2  Sputtered  Ge  Films 

During  this  period,  the  construction  of  a  tube  for  studying 
photovoltaic  effects  of  sputtered  Ge  filma  was  initiated.  The 
results  can  be  compared  with  those  from  evaporated  films  to  in¬ 
vestigate  the  controlling  parasmters  of  the  anomalous  i^otovoltaic 
effects. 

2.  SUMMARY  OF  TECHNICAL  PROGRESS 

2.1  Experimental  Techniques 
2.1.1  Vacuum  Techniques 

Experimental  studies  of  surface  properties  require  an 
ultrahigh  vacuum  environment,  free  of  contaminating  oil  or 
mercury  vapors.  The  possibility  of  such  contamination  is  always 
present  in  diffusion  pomp  systems,  no  matter  how  well  they  are 
trapped.  Ion  pomps  (refs.  8,  9),  or  titanium  spotter  pomps  as 
they  are  called  in  this  laboratory,  are  used  exclusively  on  this 
project  for  all  high  vacuum  work,  including  the  critical  surface 
studies.  Since  no  grease  valves  or  other  possible  sources  of  oil 
or  mercury  vapors  are  used  in  our  vacuum  systems,  the  possibility 
of  this  t3rpa  of  contamination  is  excluded. 

Shown  in  Fig.  1  are  the  sputter  pomps  constructed  in  this 
laboratory.  These  differ  only  in  minor  respects  from  the  911-1402 
Vac  Ion  pomp  available  comBercially  from  Varian  Associates.  The 
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latter  la  an  all>natal  pump  lAiereaa  the  pumpa  uaed  here  employ 
a  Pyrex  envelope.  The  glaaa  envelopea  are  better  adapted  to  our 
expwlmental  tubea,  per^t  vianal  inapectlon  of  the  puiap  opera¬ 
tion  and  condition,  and  are  readily  conatructed  idth  available 
facilltiea.  The  dimenalona  of  the  pump  where  choaen  ao  aa  to  be 
accooBodated  by  the  pole  facea  of  a  Varlan  911-0001  permanent 
magnet.  The  pump  la  operated  with  the  anode  at  3-5  kV  dc  with 
reapect  to  the  cathode  and  in  a  magnetic  field  of  approxlauitely 
1200  gauaa  perpendicular  to  the  plane  of  the  cathode.  In  moat 
caaea,  magnetic  and  electroatatic  ahieldlng  of  the  pump  la  re¬ 
quired  to  prevent  the  high  flelda  preaent  from  interfering  with 
electrical  meaaurementa.  Alao,  at  leaat  one  bend  ia  introduced 
in  the  tabulation  connecting  the  pump  to  the  ayatem  in  order  to 
Intercept  atray  sputtered  Ti  atoma. 

The  atarting  procedure  for  the  aputter  pumps  la  aa  follows: 
The  system  la  first  pumped  down  to  a  pressure  of  about  0.5-1  Torr 
with  a  mechanical  forepump  (cryogenic  forepumps  are  sometimes 
used  instead  of  the  mechanical  forepumps).  A  titanium  flash  bulb, 
consisting  of  a  tungsten  filaaient  wrapped  with  titanium  wire,  is 
used  to  reduce  the  pressure  to  the  range  where  the  aputter  pnatp 
can  be  started.  After  outgassing  the  filament  of  the  flashbulb, 
the  forepump  is  sealed  off  from  the  system.  The  filament  is  then 
heated  to  incandescence,  and  the  titanium  is  evaporated  onto  the 
walls  of  the  bulb.  The  freshly  evaporated  titanium  getters 
strongly,  reducing  the  pressure  to  about  10~^  Torr  in  five  minutes 
or  ao.  A  voltage  ia  then  applied  to  the  pomp  until  a  discharge 
is  initiated.  This  usually  occurs  at  about  600  volts.  The 
voltage  is  increased  slowly;  usually  the  pump  current  is  kept 
below  20  nA.  However,  as  much  aa  50  watts  of  power  can  be  ex¬ 
pended  for  short  periods  during  the  starting  procedure  if  the 
pump  envelope  is  cooled  with  a  fan.  After  reaching  1000  volts, 
it  is  usually  possible  to  increase  the  voltage  rapidly  to  the 
full  operating  voltage  with  no  appreciable  increase  in  pump  cur¬ 
rent.  The  flashbulb  is  sealed  off  from  the  systoa  once  the  pump 
is  clearly  operating  well. 

Typically,  a  pressure  of  1  x  10~^  Torr  is  reached  in  an 
hour  or  so.  Pressures  of  the  order  of  lO'^O  Torr  or  lower  are 
obtained  regularly  after  a  bakeont  at  350*C  for  about  12  hours. 

The  pump  and  magnet  are  baked  with  the  system.  The  pump  current 
is  limited  to  2  or  3  mh  during  bakeout  (and  later  outgassing 
operations)  by  limiting  the  rate  of  temperature  rise.  After 
completion  of  the  bakeout.  further  outgassing  of  filaments  and 
other  metal  parts  is  accomplished  by  conventional  methods  «b- 
ployed  in  all  high  vacuum  work.  Radio  frequency  heating  is  used 
for  the  most  part,  but  electron  boaduirdment .  thermal  radiation 
and.  of  course,  resistive  heating  are  also  used.  When  required, 
the  adjacent  glass  is  cooled  by  a  fan. 
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A  mftthod  developed  in  this  laboratory  which  ia  particularly 
convenient  for  heating  email  parts  consists  of  focusing  the  radi¬ 
ation  from  an  incandescent  source  onto  the  part  being  heated. 
Usually  a  500  watt  projection  lamp  with  an  aluminised  si^erical 
reflector  is  employed  for  this  purpose  and  the  temperatures  at¬ 
tained  are  remarkably  high  (e.g.»  1100*C  for  a  l/2*^  diaoMter  x  .01*^ 
thick  tungsten  disk).  This  method  has  been  found  to  be  particu¬ 
larly  useful  for  heating  the  Oe  crystal  samples  being  studied 
under  this  contract  as  well  as  for  other  nonconductors.  Sensitive 
measurements  can  be  sude  during  heating  because  the  light  source 
is  relatively  noiseless. 

All  of  the  pressure  measurements  below  10**^  Torr  are  made 
using  calibration  curves  of  wessure  versus  sputter- pump  current. 
This  data  has  been  obtained  in  this  laboratory  using  a  Bayard- 
Alpert  t3rpe  ion  gauge  as  a  standard.  The  calibration  obtained 
differs  very  little  from  that  quoted  by  Varian  for  the  911-1^2 
Vac  Ion  pump  when  one  accounts  for  the  difference  in  size  of  the 
two  pumps.  Pressure  measurements  in  the  approximate  range  of 
lO-S  to  1  Torr.  idien  required,  are  made  with  a  high-pressure 
triode  ionization  gauge  designed  after  Schulz  and  Phelps  (ref.  10). 
These  are  used,  for  example,  to  measure  the  argon  pressure  in  the 
sputtering  experiments. 

Except  as  noted,  the  gas-admission  systems  employ  Granvllle- 
PhllllpsType  C  ultrahigh  vacuum  valves.  These  are  greaseless, 
bakeable,  all-metal  valves  which  can  be  used  as  controlled  leaks. 

In  an  attempt  to  provide  a  more  versatile  and  contamination- 
free  vacuum  environment  in  idiich  to  perform  j^otoemlsslon  studies, 
an  all-metal,  bell  Jar  tjrpe  ultrahigh  vacuum  system  has  been  de¬ 
signed  and  constructed.  This  all  stainless  steel  system  is 
bakeable  and  utilizes  cryogenic  forepumps  and  a  titanium  sputter 
pomp.  All  seals  are  made  by  means  of  shear- seal  type  flanges  and 
metal  Msketa.  Provision  has  also  been  made  to  automatically 
maintain  the  pressure  of  the  vacuum  system  at  any  dealred  pres¬ 
sure  in  the  range  from  10~^  to  10*^  Torr.  Control  is  accomplished 
by  means  of  a  servo-controlled  Granvllle-Philllps  variable  leak 
valve.  This  feature  was  incorporated  because  this  particular 
system  is  to  be  used  in  gas  adsorption  studies. 

There  are  a  number  of  advantages  to  be  gained  in  the  use 
of  this  type  of  system  as  compared  with  the  conventional  method 
of  using  glass  envelopes.  At  present,  each  experiment  requires 
the  construction  of  a  specialized  glass  envelope  configuration 
which  is  generally  unusable  for  other  experiments.  Many  times 
small  laodlficatlons  evolved  in  the  courae  of  an  experiment  re¬ 
quire  the  construction  of  a  new  glass  envelope.  In  contrast  with 
this  situation,  the  base  plate  of  this  vacuum  system  includes  a 
number  of  electrical  feed-throughs  and  a  rotary  motion  feed¬ 
through  so  that  many  different  types  of  experiments  can  be  carried 
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out  In  the  relatively  large  space  provided  In  the  bell  Jar.  Speed 
In  asseabllng  and  modifying  electrode  structures ,  accurate  and 
reproducible  allnnent  of  electron  guns,  etc.,  are  also  sotse  of 
the  advantages  of  the  new  aystesu  In  addition,  the  problems  In¬ 
volving  shielding  from  electrical  noise  are  slstpllfled  In  that  a 
grounded  all-metal  system  will  provide  excellent  shielding. 

On  the  basis  of  early  experience  there  seems  to  be  some 
disadvantages  associated  with  an  all-metal  bell  Jar  system. 
Visibility  of  the  Internal  apparatus  Is  limited  to  areas  directly 
opposite  the  viewing  ports.  Also,  the  metal  bell  Jar  precludes 
the  use  of  rf  heating  to  outgas  Internal  metallic  structures. 
However,  for  many  applications.  Including  the  photovoltaic  studies 
for  idilch  the  system  is  currently  being  used,  it  appears  that 
these  disadvantages  will  present  no  great  problem. 

2.1.2  Argon  Sputtering 

Since  a  clean  surface  Is  of  prlsie  Importance  In  the  study 
of  surfaces.  It  was  essential  that  a  method  be  developed  by  ^Ich 
an  atomically  clean  surface  could  be  obtained.  The  method  used 
for  all  the  work  on  Ge  and  SI  was  argon  Ion  bombardment.  The 
technique  used  was  a  all^t  modification  of  that  developed  by 
Farnsworth  and  his  associates  (refs.  11,  12).  The  Initial 
version  of  the  discharge  tube  used  to  create  an  argon  plasma  has 
been  previously  described  (ref.  6,  p.  7).  During  this  period 
both  the  discharge  tube  and  the  method  of  pnrlf3rlng  the  argon 
have  been  modified. 


The  argon  used  Is  spectroscopically  pure  argon  supplied  by 
the  Air  Reduction  Company  In  one  liter  Pyrex  flasks.  The  argon 
Is  purified  by  allowing  it  to  remain  In  contact  with  freshly 
flashed  T1  and  Mo  films  In  the  Inlet  line.  These  fllsm  serve  to 
*'getter"  Impurities  from  the  argon.  The  argon  Is  further  puri¬ 
fied  In  a  cataphoresls  tube  of  the  t3rpe  described  by  Rlesz  and 
Dlcke  (ref.  13) .  The  cataphoresls  tube  consists  of  a  section  of 
12  mm  O.D.  Psnrex  tubing,  approximately  40  cm  long.  The  anode  Is 
a  flat  5/8**  Tl  disk.  The  cathode  Is  a  hollow  Tl  cylinder. 

3/8**  D  X  3/4**  long.  The  argon  pressure  In  the  cataphoresls  tube 
Is  In  the  range  1  to  20  Torr.  The  tube  voltage  In  operation  la 
200-225  volts  and  the  discharge  current  Is  50-60  mA.  A  ballast 
resistor  Is  used  to  lladt  the  discharge  current.  The  discharge 
Is  maintained  for  at  least  24  hours  b^ore  the  argon  Is  admitted 
to  the  main  body  of  the  tube.  The  argon  Is  admitted  from  the 
mode  end  of  the  cataphoresls  tube.  Rlesz  and  DIcIm  claim  that 
the  impurity  concentration  at  the  anode  end  Is  10**4  times  that 
at  the  cathode  end  of  the  cataphoresls  tube. 


The  modified  version  of  the  dlsdiarge  tube  used  to  create 
the  argon  plasma  idildi  Is  needed  for  sputtering  Is  shown 
schematically  In  Fig.  2.  The  cathode  consists  of  4 .  .001**  x  .040** 
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W  ribbon  filament a  In  parallel*  A  Ta  heat  shield  anrronnda  the 
filaments  to  prevent  excessive  heating  of  the  tube  envelope*  The 
anode  la  a  T1  ring,  1  l/2**  In  diameter,  spaced  1**  from  the  cathode* 
This  anode  has  a  3/k**  diameter  hole  In  the  center  of  It.  Also 
Included  Is  a  W  disk,  1  1/4**  In  diameter,  spaced  1**  from  the 
anode*  This  disk  la  held  at  cathode  potential  during  operation. 

A  magnetic  field  of  the  order  of  180  gauss  Is  applied  along  the 
axis  of  the  discharge  tube*  The  field  Is  produced  by  two  colls 
idilch  surround  the  discharge  tube*  The  field  serves  to  confine 
the  plasma  to  the  central  portion  of  the  dls^arge  tube  and  allows 
the  discharge  to  be  maintained  at  lower  argon  pressures  than  were 
previously  possible.  This  la  desirable  since  It  allows  the  sput¬ 
ter  pump  to  be  started  with  leas  difficulty  than  experienced 
previously*  Secondly,  since  less  argon  Is  pumped  each  time,  the 
useful  life  of  the  pomp  Is  extended. 

The  filament  current  used  la  23  amps.  A  potential  of  30 
volts  Is  maintained  between  anode  and  cathode.  The  discharge 
current  la  approximately  1/2  amp  for  an  argon  pressure  In  the 
range  5  x  10“**  to  10-'  Torr, 

Two  tjrpes  of  auxiliary  anodes  have  been  used*  Both  are 
approximately  3/4**  In  diameter  x  1/2'*  long*  A  W  mesh  Is  welded 
to  the  open  end  of  the  auxiliary  anode.  In  such  a  fashion  that 
It  Is  also  In  contact  with  the  tube  envelope*  This  anode  and 
mesh  arrangement  prevents  the  plasma  from  entering  the  main  body 
of  the  tube  and  sputtering  metal  parts  (e.g*,  the  W  trolley  rods) 
which  are  at  crystal  potential*  The  first  type  of  auxiliary 
anode  (Illustrated  In  Fig*  2)  has  a  closed  end  plate,  and  a  slot 
In  the  side  through  ^Ich  the  crystal  Is  Inserted  during  sput¬ 
tering*  The  second  tjrpe  has  a  square  hole  In  the  end  plate  and 
the  crystal  Is  moved  directly  behind  this  during  sputtering*  The 
auxiliary  anode  Is  held  at  main  anode  potential  duilnu  sputtering, 
and  the  bombarding  energy  Is  determined  by  the  potential  main¬ 
tained  between  the  anode  and  the  crystal.  With  this  arrangement, 
and  the  conditions  mentioned  previously,  a  bombarding  current  of 
50-100  pA/cm^  can  be  drawn  to  the  target. 

It  should  be  noted  that  although  this  arrangement  has  been 
used  only  In  the  experlsients  on  6e  and  Si,  It  can  be  used  to 
clean  metal  surfaces  also,  should  the  need  arise*  Furthermore, 
by  applying  an  rf  voltage  to  the  crystal.  Insulators  can  also  be 
sputtered. 


2.1.3  Development  of  a  Method  for  Ma  Deposition 

The  Initial  version  of  the  Ion  gun  used  to  deposit  Na  has 
been  previously  described  (ref*  4.  p*  2).  The  sodium  Ions  were 
In  this  case  obtained  by  thermal  ionization  on  a  tungsten  filament, 
of  atoms  evaporating  from  a  sodium  reservoir*  Certain  difficulties 
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with  thla  gun  nanifcitcd  thanawlTes  In  the  etudy  on  Si  (r«f«  6, 
p.  21) •  Fir It  It  waa  found  that  Na  atoms  conld  reach  the  target 
idien  the  gun  was  in  operation.  Thla  meant  that  the  Integrated 
Ion  current  was  not  an  accurate  measure  of  the  amount  of  Na  de¬ 
posited,  since  the  neutral  Ha  atoms  gave  no  contribution  to  the 
current  to  the  crystal.  Secondly,  it  was  found  that  the  Na  de¬ 
posited  on  the  anodes  of  the  gun  made  them  sensltlwe  to  light 
from  the  hot  W  filaments  used  In  the  gun.  The  resulting  photo¬ 
current  was  collected  by  the  crystal  and  this  masked  the  ion 
current.  Finally,  some  Iona  were  deposited  on  the  tube  enwelope 
between  the  last  anode  of  the  Ion  gnn  and  the  target,  and  this 
charge  affected  the  uniformity  of  the  Ion  beam.  These  difficul¬ 
ties  suggested  that  two  changes  be  made  In  the  gun  design  idilch 
would  considerably  improve  Its  performance.  The  Na  atosm  which 
reached  the  target  presumably  came  from  Na  Which  had  been  de¬ 
posited  on  the  glass  walls  in  the  vicinity  of  the  filaments. 

When  the  fllasients  were  heated,  the  glass  was  also  heated  by 
radiation,  and  thla  Na  would  be  evaporated  onto  the  crystal.  To 
alleviate  thla  difficulty,  a  collimator  was  placed  between  the 
Na  reservoir  and  the  filaments.  The  collimator  consisted  of  two 
Pyrex  disks,  sealed  to  the  walls  of  the  tube.  Each  disk  had  a 
small  circular  hole  In  It,  so  that  a  Na  beam  was  directed  onto 
the  filaments.  The  geometry  was  such  that  the  Na  atoeis  which 
did  not  strike  the  filaments  would  be  deposited  on  a  cool  por¬ 
tion  of  the  glass  walls  idiere  re-evaporatlon  would  be  unlikely. 
Furthermore,  If  this  Na  were  re-evaporated,  it  could  not  reach 
the  target. 

The  second  modification  Wblch  was  made  consisted  of  the 
addition  of  a  cylindrical  grid  whidi  extended  from  the  Ion  gnn 
to  the  target.  Thla  grid  served  two  purposes.  First,  It 
collected  the  photoelectrons  emitted  from  the  sensitive  surfaces 
of  the  Ion  gun.  Secondly,  by  placing  a  small  potential  on  It, 
any  effects  doe  to  glass  charging  were  eliminated.  Since  the 
Ions  passed  down  the  axis  of  this  cylindrical  grid.  It  conld 
also  be  used  to  Improve  the  focus  of  the  gnn. 

This  modified  version  of  the  Ion  gun  was  mounted  In  the 
tube  structure  described  in  Sec.  2.2.1  of  this  report.  The 
performance  of  the  Ion  gun  was  checked  using  the  same  6e  crystal 
that  was  used  In  the  experlsient  described  In  that  section.  The 
filaments  of  the  Ion  gun  and  the  Na  reservoir  were  heated,  but 
the  crystal  was  biased  so  that  no  Na  Ions  conld  reach  It.  The 
crystal  was  allowed  to  resuiln  In  front  of  the  Ion  gun  for  20 
sdnntes  after  Milch  time  the  work  function  was  again  sieasured. 

No  diange  from  the  value  corresponding  to  the  cleaned  surface 
was  obtained.  The  present  method  of  measuring  the  work  func¬ 
tion  detects  a  work  function  shift  of  less  than  .05  eV.  For 
the  cleaned  surface,  this  corresponds  to  roughly  1  or  2%  of  a 
monolayer.  Since  one  monolayer  can  be  deposited  quite  easily 


In  20  minutes  with  the  ion  gun,  it  was  concluded  that  less  than 
2%  of  the  Na  striking  the  crystal  will  be  atoms,  under  normal 
operating  conditions. 

The  ion  gun  anode  and  target  were  then  biased  for  normal 
operation  and  Na  was  deposited.  During  this  deposition  there 
was  no  evidence  of  glass  charging,  or  of  a  photoemission  current 
to  the  crystal.  In  order  to  check  for  the  latter  possibility, 
light  from  an  external  source  was  shone  on  the  anodes  of  the 
ion  gun.  No  charge  in  the  current  to  the  crystal  was  observed. 
During  this  deposition  one  further  undesirable  feature  of  the 
ion  gun  was  revealed.  Using  the  present  method  of  obtaining  Na 
in  the  tube  (i.e..  the  reaction  of  Na2Cr0i(  and  Si  in  a  nickel 
container)  sufficient  Na  could  not  be  proceed  to  obtain  a 
complete  curve  of  work  function  vs.  coverage  over  the  range  0>2 
monolayers.  This  method  of  Na  production  is  described  in 
further  detail  elsewhere  (ref.  1,  p.  12).  This  problem  meant 
that  either  a  larger  supply  of  Na  must  be  introduced  to  the 
tube,  or  a  new  ion  soturce  must  be  found.  The  latter  alternative 
was  pursued. 

It  is  well  known  that  certain  of  the  aluminosilicates  emit 
a  positive  ion  current  when  heated  (refs.  14,  IS).  In  partic¬ 
ular,  the  work  of  Blewett  shows  that  the  compound  ’’P-Eucrjrptite" 
is  an  efficient  Li  ion  emitter,  when  heated  to  temperatures  of 
the  order  of  1000  **C.  The  chemical  formula  for  **P-Eucryptite”  is 
LiAlSiOii.  This  suggests  that  a  type  A  zeolite,  which  has  the 
chemical  formula  NaAlSiOi(,  might  be  an  efficient  Na  ion  emitter. 
To  test  this  postulate,  a  small  amount  of  t3n>«  ^A  zeolite  was 
melted  in  a  quartz  crucible.  A  .010'*  Pt-10%  Rh  filament  was 
dipped  into  the  melted  zeolite  and  removed  rapidly.  A  small 
amount  of  the  zeolite  remained  on  the  filament.  The  filament 
was  then  heated  in  vacuxim  and  a  current  of  positive  ions  was 
drawn  to  a  collector  which  «ras  biased  negatively.  Currents  up 
to  500  pA  could  be  drawn  at  a  collector  voltage  of  -  1000  V, 
when  the  zeolite  was  heated  to  1000*0.  No  evidence  of  Na  de¬ 
pletion  was  seen  over  a  period  of  1  hour,  although  the  current 
would  decrease  slightly  over  longer  periods  of  time. 

A  similar  zeolite  emitter  was  constructed  and  mounted  in 
a  modified  ion  gun.  This  structure  is  shown  in  Fig.  3.  A  flat 
Ta  shield  was  placed  at  the  end  of  the  cylindrical  grid  struc¬ 
ture.  This  shield  has  a  1  cm  x  1  cm  square  hole  in  the  center 
of  it,  and  the  crystal  could  be  moved  behind  it  during  deposi¬ 
tion!  so  ions  would  only  be  deposited  on  the  cleaned  portion  of 
the  crystal.  This  shield  was  maintained  at  crystal  potential! 
it  also  served  to  improve  the  uniformity  of  the  ion  beam  strik¬ 
ing  the  crystal.  The  anodes  of  the  gun  are  3/4"  in  diameter 
and  3/4"  long.  The  cylindrical  grid  is  1  1/4"  in  diameter  and 
is  3"  long.  A  N1  grid  is  placed  between  the  ion  emitter  and 
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th«  first  anode f  and  aarvaa  to  control  tha  Ion  currant  reaching 
the  target.  The  entire  atmetnre  la  mounted  on  sapphire  rods. 

The  uniformity  of  the  deposition  was  diecked  by  a  smthod  de> 
scribed  In  Sec.  2.2.1.  The  following  are  t]rpleal  of  the  poten¬ 
tials  applied  during  deposition:  control  gHd  >  -  5  Vi  first 
anode  *  -  hOO  V|  second  anode  «  -  60  V;  cylindrical  grid  «  -  12  V| 
Ta  shield  and  target  »  -  22  1/2  V.  (The  potentials  are  with 
respect  to  the  filament.)  When  the  eailtter  Is  heated  to  approx¬ 
imately  SOO^Cy  a  target  current  of  the  order  of  0.1  (lA  Is  ob¬ 
tained.  This  current  la  strongly  Influenced  by  emitter 
temperature  and  control  grid  bias. 

This  type  of  Ion  source  has  one  further  advantage  over 
the  previous  source,  that  is.  It  may  be  used  as  an  Ion  source 
of  other  alkali  metals.  Studies  have  been  made  of  the  efficiency 
and  extent  of  Na  replacement  (In  the  zeolite  structure)  by  other 
alkali  Iona  (refs.  16  and  17).  These  results  show  that  a  large 
fraction  of  the  Na  Iona  may  be  replaced  by  other  Ions,  In  an  ex¬ 
change  reaction.  Preausuibiy  these  Ions  could  also  be  emitted 
In  a  similar  manner.  In  particular.  It  Is  now  feasible  to  con¬ 
sider  overlayer  experiments  using,  for  example,  Cs.  These 
experiments  were  previously  extremely  difficult  to  perform  be¬ 
cause  of  the  high  vapor  pressure  of  Cs,  and  because  of  difficul¬ 
ties  In  obtaining  a  pure  source  of  the  alkali  metals  In  a  vacuum 
tube.  To  date,  no  work  has  been  done  on  the  fabrication  of  such 
Ion  sources. 

An  alternative  method  of  Na  deposition  was  also  developed. 
This  consisted  of  a  thermal  evaporator  composed  of  a  Na  reservoir 
and  a  glass  collimator  similar  to  that  used  In  the  first  modi¬ 
fication  of  the  Ion  gun.  Since  efficient  use  Is  made  of  the  Na 
In  the  thermal  evaporator,  the  Na  may  be  produced  by  the 
NayCrOii  +  SI  reaction.  The  absolute  amount  of  Na  deposited  In 
this  manner  cannot  be  measured,  but  relative  amounts  can  be 
measured  by  holding  the  evaporator  at  a  constant  temperature, 
and  measuring  the  length  of  time  that  the  crystal  Is  exposed  to 
the  Na  beam. 


2.1.4  Measurement  of  Work  Function 

Two  methods  have  been  developed  to  measure  the  work  func¬ 
tion  shift  of  the  crystal.  The  first  method  Involves  the  use 
of  the  shift  In  I-V  characteristics  of  a  diode,  using  the 
crystal  as  the  anode.  In  order  to  obtain  a  lumeenergetlc  elec¬ 
tron  beam  at  normal  Incidence,  a  low  wergy  electron  gun  was 
needed.  The  gun  design  chosen  was  a  modified  version  (ref.  18) 
of  the  Farnsworth  gun  (ref.  19).  This  gun  uses  an  electrostatic 
deflection  system  to  prevent  tungsten  and  other  Impurities 
(which  may  be  evaporated  from  the  filament)  from  passing  directly 
through  the  gun  to  the  target.  The  gun  Is  shown  schematically 
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in  Fig.  km.  All  partt  arc  Advanct  alloy  except  for  the  fllanent 
and  filaaent  leada.  The  filaMant  la  of  tnngaten,  .001**  x  .0^0**  x 
3/8*^  filament  leada  are  .040*^  Ta.  In  Fig.  4a,  F 

la  the  filament  and  H  the  heat  ahleld.  Electrona  are  aceeler« 
ated  to  6,  deflected  by  G2  to  A,  and  then  focaaed  by  B.  A 
ahleld  S  j^eventa  electrona  from  eacaplng  between  A  and  B.  The 
opening  In  0],  and  A  la  3/16**  In  diameter  and  haa  W  grlda  over 
It,  with  20  .001**  W  wlrea  over  each  opening.  A  and  B  are  cyl- 
Indera,  3/4**  In  diameter.  They  are  conatmeted  ao  that  the 
middle  diaphragm  In  B  la  3/4**  from  the  diaphragm  in  A,  and  3/4** 
from  the  laat  diaphragm  In  B.  The  holea  In  the  dlaphragma  In  B 
are  1/16**  In  diameter.  The  entire  gtm  la  mounted  on  .060** 
aapphlre  rod  Inaulatora  for  mechanical  atablllty. 

In  normal  operation,  Oi,  A,  and  B  are  given  the  aame  amall 
poaltlve  potential  (e.g.,  8  volta)  with  reapect  to  the  center 
tap  of  the  filament  power  anpply.  62  la  given  a  aultable  nega¬ 
tive  potential  to  deflect  the  electrona  through  the  hole  In  A. 
Thla  potential  la  t3rplcally  In  the  range  -  10  to  -  15  volta,  and 
la  dependent  on  the  value  of  the  other  potentlala.  S  la  given 
a  larger  negative  potential  (e.g.,  -  150  volta).  Typical  fila¬ 
ment  current a  are  5  A,  naa,  and  the  target  current  for  the 
above  condltlona  la  of  the  order  of  .5  pA. 

The  V-I  curvea  are  obtained  nalng  the  circuit  ahown  In 
Fig.  4b.  A  General  Radio  Coaq;>any  meter,  model  1230  A,  la  uaed 
aa  the  dc  amplifier.  The  output  of  the  amplifier  la  applied  to 
the  T  axla  of  an  X-T  recorder  and  the  target  voltage  la  applied 
to  the  X  axla.  Typical  curvea  obtained  with  thla  arrangeaent 
are  ahown  In  Fig.  5.  Curvea  B  and  C  llluatrate  the  method  uaed 
to  meaaure  the  work  function  ahlft,  The  curvea  are  typical 

of  thoae  obtained  for  a  dean  aurface,  or  for  a  aurface  with  a 
low  value  of  coverage.  A  curve  typical  of  a  **dlrty**  aurface, 
l.e.,  before  Ion  bombardment,  la  llluatrated  by  A.  Theae  curvea 
ahow  a  large  Increaae  (about  20%  or  more  of  the  aaturated  value) 
In  the  target  current,  at  target  voltagea  juat  above  the  cutoff 
point.  Thua  the  ahape  of  theae  curvea  can  be  uaed  to  give  aome 
Indication  of  the  aurface  condition.  Preaumably  thla  large  In¬ 
creaae  la  cauaed  by  a  rapidly  changing  electron  reflection  co¬ 
efficient  at  low  electron  energlea.  Curvea  of  the  type  lllua¬ 
trated  by  D  ere  often  obtained  at  large  valuea  of  overlayer 
coverage.  Theae  curvea  alao  ahow  an  Increaae  In  target  current 
at  target  voltagea  juat  above  the  cutoff  point,  but  the  In¬ 
creaae  la  uaually  5%  or  leaa  of  the  aaturated  curroit  value. 

Thla  can  probably  alao  be  attributed  to  a  change  In  reflection 
coefficient  (due  to  the  preaence  of  Na)  at  low  energlea. 

The  curvea  of  Fig.  5  llluatrate  that  the  beam  of  electrona 
la  not  monoenergetlc,  but  contain  an  miergy  anread  of  approxl- 
Mtely  0.8  eV  (90%  of  the  current  la  cut  off  In  a  range  of 
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target  voltaga  of  0.8  V).  It  waa  poatulatad  that  auch  a  large 
energy  apreaa  conid  have  ariaen  becanae  a  onipotential  cathode 
waa  not  naed.  Thla  poatulata  waa  chaekad  by  haatlng  the  fila¬ 
ment  with  half  wave  rectified  ac.  A  apeclal  circuit  waa  naed 
ao  that  the  target  cnrrent  waa  meaaured  only  in  that  portion  of 
the  cycle  daring  which  no  filament  current  waa  flowing,  l.e«, 
when  all  emitting  areaa  of  the  cathode  were  at  the  aame  poten¬ 
tial*  Mo  detectable  aharpenlng  of  the  curvea  waa  obaerved. 
Evidently  the  major  contributing  factora  to  the  energy  apread 
are  non-normal  incidence  and  a  reflection  coefficient  which  la 
atrongly  dependent  on  electron  energy,  near  zero  electron  energy* 
The  abaolute  accuracy  of  thia  gun  la  not  good  due  to  the  un¬ 
certainty  in  the  work  function  of  the  cathode  and  the  energy 
apread  in  the  beam.  However,  the  relative  accuracy  la  amch 
better.  Work  function  ahlfta  of  .03  eV  can  be  meaaured* 

In  order  to  laeaaure  work  function  ahlfta  more  accurately, 
a  method  waa  developed  idilch  would  aieaaure  the  contact  potential 
difference  (CCD)  between  a  reference  material  and  the  6e  crya- 
tal*  The  technique  naed  la  a  modification  of  the  Kelvin  (or 
vibrating  plate)  method  (ref*  20)  for  meaanring  CPD*  When  two 
aurfacea  with  different  work  functlona  are  brought  near  each 
other,  a  field  exiata  between  them,  and  aurface  chargea  will  be 
weaent*  Aa  the  apacing  between  theae  aurfacea  ia  varied,  the 
field  will  vary,  and  hence  the  aurface  diarge  will  vary*  Thla 
varying  aurface  charge  will  cauae  cnrrent  to  flow  in  an  external 
circuit  connecting  the  two  platen*  If  a  voltage  la  now  applied 
between  theae  platea,  the  field  between  them  will  diange*  If 
the  field  due  to  the  applied  voltage  juat  cancela  the  original 
field,  no  aurface  charge  will  be  preaent,  and  no  cnrrent  ^11 
flow  in  the  external  circuit a*  Thua  the  applied  voltage  can  be 
varied  until  a  null  ia  achieved,  and  the  value  of  voltage  necea- 
aary  to  achieve  the  null  ia  the  CCD  of  the  two  materiala*  If 
the  work  function  of  the  reference  plate  ia  known,  the  work 
function  of  the  unknown  can  be  obtained. 

The  device  which  haa  been  developed  in  thla  laboratory  la 
ahown  a^ematically  in  Fig*  6a.  The  reference  plate  ia  a  l/A**  x 
1/4**  gold  aheet.  It  ia  mounted  on  a  .040**  Ti  wire.  The  apacing 
ia  vaned  by  coupling  magnetically  to  a  Kovar  atrip  which  ia 
welded  to  the  Tl  wire*  The  apacing  can  be  varied  periodically 
with  time  by  placing  an  ac  aignal  on  the  drive  coil.  The  fre¬ 
quency  of  thia  aignal  ia  one-half  the  frequency  of  vibration* 

In  the  preaent  arrangement,  the  natural  frequency  of  the  gold 
reference  la  35  cpa*  A  17.5  cpa  aignal,  aupplled  by  a  Hewlett- 
Packard  200  CD  oaclllator  and  a  35  watt  audio  amplifier  ia  naed 
to  drive  the  coil.  The  apacing  between  the  Au  and  the  cryatal 
la  1  nm*  The  work  function  of  the  Au  la  determined  by  the 
photoelectric  (Fowler)  OMthod  (ref*  21)*  Light  ia  paaaed  through 
the  quarjz  window  and  the  emitted  photoelectrona  are  collected 
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by  th«  '^trolltty'*  roda.  Aftar  tha  work  function  of  tha  Au  rafar- 
anca  haa  baan  datarulnad,  tha  cryatal  can  ba  Kowad  into  poaltlon 
in  front  of  tha  Au  and  tha  CFD  can  ba  maaaurad.  Tha  circuit 
uaad  la  ahown  in  Pig.  6b.  Tha  blaa  woltaga  la  appllad  ualng  a 
3  volt  battary  and  a  Oanaral  Radio  CoaqMiny  Modal  IkSk  A  Praci- 
aion  Voltaga  Dlvidar.  Tha  output  algnal  la  appllad  to  tha  grid 
of  an  alactroBieter  tuba  (GK  5889),  and  tha  output  of  thla  pra- 
anplifiar  ia  fed  to  a  tunad  anplifier.  Thla  aatpllfiar  la  an 
Electronlca,  Miaalle  and  Coaaninlcatlona,  Inc.  Model  RJB,  tunad 
to  35  cpa. 

In  preliminary  teata  with  tha  vibrating  capacitor.  It  waa 
found  that  the  work  function  ahlft  could  be  maaaurad  to  .003  eV, 
that  la,  a  change  of  the  blaa  voltage  by  +  .003  volta  from  the 
null  value  would  produce  a  detectable  ^ange  In  the  output  of 
the  tuned  amplifier.  It  waa  alao  found  that  glaaa  diarglng  In 
the  vicinity  of  gold  reference  waa  a  problem.  If  the  glaaa  be¬ 
came  charged  a  field  would  exlat  between  the  glaaa  and  the  gold 
reference  plate.  Any  motion. of  the  reference  plate  would  pro¬ 
duce  a  change  In  thla  field,  and  a  current  would  flow  In  the 
external  circuit.  Since  thla  current  would  diange  the  apparent 
current  due  to  the  CPD  of  the  gold  and  the  Ge,  the  null  voltage 
would  alao  be  changed,  and  an  erroneoua  CPD  would  be  meaaured. 

It  waa  found  that  idienever  the  cryatal  would  be  moved  along  the 
"trolley**  roda,  the  glaaa  would  become  charged.  Thla  waa 
manlfeated  by  an  apparently  unatable  CPD,  that  la,  one  that 
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time  all  the  charge  on  the  glaaa  had  decayed  away  and  the  true 
CPD  waa  being  meaaured.  Thla  effect  can  probably  be  alleviated, 
or  at  leaat  aubatantlally  reduced,  by  forung  a  conductive 
coating  on  the  Inalde  walla  of  the  tube,  in  the  region  about  the 
vibrating  capacitor.  Thla  would  prevent  any  poaalblllty  of  glaaa 
charging. 


changed  with  time.  After  the  cryatal  had  been  allowed  to  rem 
In  front  of  the  Au  reference  for  approximately  30-40  mlnutea. 
no  change  In  the  CPD  could  be  detected.  Apparently  after  thi 


2.1.5  Preparation  of  Hemiapherlcal  Grlda 

A  method  for  conatructlng  hlgh-tranamlaalon  hemiapherlcal 
grlda  for  uae  In  an  electron  diffraction  diamber  haa  been  de¬ 
veloped.  The  grlda  have  the  following  advantagea:  (1)  the 
tranamiaalon  la  nearly  uniform  over  the  entire  hemlaphere,  (2) 
the  grlda  are  bakeable  to  high  temperatnrea  and  (3)  they  are 
conatructed  completely  of  nonmagnetic  materlala. 

Cfaroadum  waa  choaen  aa  the  plating  metal  becauae  Ita  hard- 
neaa  reanlta  In  a  very  rigid  acreen.  However,  It  waa  found  that 
chromium  could  not  be  plated  directly  to  the  tungaten  meah  be¬ 
cauae  the  minimum  plating  current  required  for  the  j^oceaa 
cauaed  a  large  variation  In  potential  over  the  acreen,  reaultlng 
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in  nononlf  on  coverage.  Thia  problem  vaa  clreunvented  by  f  Iret 
plating  a  layer  of  copper,  which  reqnlrea  much  leas  plating  cur¬ 
rent,  Mth  aufflclent  thlckneaa  to  carry  the  required  current 
for  the  bhroadiua  plating  process. 

The  method  of  construction  la  Illustrated  In  Fig.  7(a).  A 
knitted  tungsten  mesh  type  0005  R  120  W  2-1/8  obtained  from  the 
Metal  Textile  Carp.,  Roselle,  Hew  Jersey,  was  stretched  over 
a  spherical  Psrrex  flask  and  held  In  place  with  a  .015*^  Advance 
wire  stretched  around  the  sphere  clrcutference.  The  wire  be¬ 
came  attached  to  the  sMsh  during  plating  and  gave  necessary  sup¬ 
port  to  the  grid  upon  removal  from  the  flask.  The  flask  was 
lowered  Into  the  plating  solution  such  that  the  wire  ring  was 
submerged  (Fig.  7(a)).  Very  uniform  plating  was  obtained  idien 
the  Advance  wire  ring  was  used  as  an  electrical  connection  to 
the  tungsten  mesh  and  a  cylinder  was  used  as  an  anode.  After 
removal  of  the  screen  from  the  sphere,  a  .010**  Advance  strip 
was  welded  around  the  Inner  diameter  of  the  hemlstiiere  (Fig.  7(b)) 
such  that  the  mesh  was  **sandwlched**  between  the  wire  and  the 
strip.  This  gave  permanent  support  to  the  screen  as  well  as 
providing  a  convenient  means  for  mounting  the  grid. 

A  general  copper  plating  bath  (ref.  22)  was  used  for  the 
Initial  plating  and  a  hard  duromlum  plate  (ref.  23)  for  the 
final  plating.  Copper  plating  current  densities  of  70  sA  per 
In^  were  used  for  the  duration  of  20  minutes.  Chrosd.nm  plating 
required  a  current  density  of  2  amps  per  In^  for  75  minutes.  A 
copper  anode  was  used  for  the  copper  plating  and  a  lead  anode 
for  the  chromium  plating.  Extreme  cleanliness  In  the  chromium 
plating  procedure  Is  needed  to  produce  good  results. 

2.2  Overlayer  Studies 

2.2.1  A  Study  of  the  Influence  of  Adsorbed  Na  on 
the  Work  Function  of  6e 

This  experiment  consists  of  cleaning  the  surface  of  the 
crystal  (a  four-step  process),  depositing  known  amounts  of  Na 
on  the  crystal,  and  measuring  the  work  function  of  the  crystal. 

In  the  present  tube,  Na  can  be  deposited  by  two  methods,  both 
of  which  are  described  In  Sec.  2.1.3.  Changes  In  woik  function 
can  be  SMasured  by  two  methods,  described  In  Sec.  2.1.4.  The 
experimental  procedure  Is  described  in  more  detail  In  the 
following  sections. 

Crystal  Cleaning  Procedure  for  Work  Function  Studies 

The  general  method  used  for  producing  a  clean  Ge  surface 
has  been  previously  outlined  (ref.  6,  p.  4;.  The  cleaning 
procedure  consists  of  four  parts: 
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1.  dicnlcal  etching 

2.  outgaaelng 

3.  argon  Ion  boBbardaent 
annealing. 

The  cryatal  la  etched  prerlona  to  Inaertlon  Into  the  ex- 
perlnental  tube.  The  etch  need  la  a  atandard  CP-4  etch  conalatlng 
of  25  part a  fmalng  nitric  acid,  15  part a  glacial  acetic  acid, 

15  parta  hydrofluoric  acid  (49%),  and  1  part  broadne.  The  etch¬ 
ing  eolation  la  kept  at  0*C  and  the  etching  tloM  la  1  lalnnte. 
Following  the  etch,  the  cryatal  la  rlnaed  by  replacing  the  eola¬ 
tion  with  deionized  water.  The  cryatal  la  rlnaed  twice  In  de¬ 
ionized  water,  and  once  In  ethyl  alcohol.  After  the  rlnae,  the 
cryatal  la  placed  In  the  tnbe,  and  the  tube  la  aealed  aa  rapidly 
aa  poaalble.  The  cryatal  la  expoaed  to  a  preporlfled  nitrogen 
atBoaphere  from  the  time  It  la  reBored  from  the  alcohol  nntll 
the  tnbe  la  evacuated. 

After  the  tube  haa  been  evacuated  and  **piroceaaed** 

(proceaalng  conalata  of  baking  at  approxlaately  335*C  and  out- 
gaaalng  all  OMtal  parta;  aee  Sec.  2.1.1),  the  cryatal  la  lon- 
boadMrded  (aputtered).  The  technique  uaed  for  argon  aputterlng 
la  dlacnaaed  In  detail  In  Sec.  2.1.2.  Thla  firat  lon-boad>ardBent 
aeeaM  to  reaove  any  lBq)arltlea  froM  the  aurface  which  Bay  have 
been  depoalted  during  the  final  glaaablowlng  on  the  tube.  In 
particular.  It  preventa  the  poaalblllty  of  the  dlffnalen  of  boron 
into  the  cryatal  during  the  long  ontgaaalng  treatment.  Thla  ef¬ 
fect  haa  been  obaerved  by  Allen  et  al.,  (ref.  24)  In  a  aerlea 
of  experlBenta  on  SI. 

After  the  firat  lon-bombardamnt ,  the  cryatal  la  heated  to 
approxlBately  700  -  750*0  for  115  houra.  The  heating  la  ac- 
coBpllahed  by  focoalng  the  light  from  a  200  watt  projection  laaip 
onto  the  cryatal.  A  3**  hmalapherlcal  Blrror  la  uaed  to  focua 
the  ll^t.  After  the  long  outgaaalng  period,  the  cryatal  la 
again  Ion- bombarded.  Thla  la  followed  by  an  anneal  treatmmit 
at  approximately  600  -  700*0  for  15-20  mlnutea.  The  cryatal  la 
given  two  more  lon-bombardownt-anneal  treatments. 

After  each  Ion- bombardment  and  annealing,  the  work  func¬ 
tion  was  measured  using  the  low  energy  electron  gun  described 
In  Sec.  2.1.4.  It  was  found  that  after  the  first  three  lon- 
boBbardment-anneal  treotmenta,  the  work  function  had  dhanged, 
but  then  remained  constant  after  the  fourth.  This  was  taken 
to  Indicate  that  a  clean  aurface  had  been  obtained.  It  was  also 
observed  that  after  each  annealing  the  work  function  was 
.10-  .13  eV  higher  than  the  value  lamedlately  following  the 
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prcyloua  Ion- bombardment  treatment.  Thla  waa  obaerved  even 
when  the  eryatal  aurface  waa  clean,  and  auiy  be  doe  to  a  re¬ 
ordering  of  the  aurface  atoma  during  annealing. 

The  performance  of  the  ion  gun  uaed  to  depoait  Na  waa  then 
diecked,  aa  deacribed  in  Sac.  2.1.3  of  thia  report.  After  theae 
teata  were  completed,  the  eryatal  waa  again  ion  bombarded  and 
annealed,  and  the  work  function  waa  remeaanred.  The  walue  pre- 
Tioualy  obtained  for  the  clean  aurface  waa  again  meaaured,  oaing 
the  low  energy  electron  gun. 

Overlayer  Studlea  Uaing  the  Thermal  Evaporator 

After  the  recleaning  deacribed  above,  the  thermal  evapo¬ 
rator  waa  heated  with  an  oven.  The  temperature  of  the  glass 
wall  of  the  Na  reservoir  could  be  autnitored  with  a  Pt.  Pt-10%  Rh 
thermocouple.  After  the  wall  had  reached  an  equilibrium  temper¬ 
ature  of  83 *C,  the  crystal  waa  placed  in  front  of  it  for  a 
2  minute  period.  The  work  function  waa  then  meaaured.  This 
cycle  (depoait  Na  for  2  minutes,  and  then  measure  the  work  func¬ 
tion)  waa  repeated  until  the  work  function  remained  constant, 
indicating  a  coverage  of  aeveral  monolayers.  This  cycle  was 
also  used  for  all  subsequent  measurements,  unless  otherwise 
noted. 


In  the  first  attempt  at  theae  measurements,  the  tempera¬ 
ture  fluctuated  during  the  run.  This  fluctuation  introduced 
scatter  in  the  data,  since  the  overlayer  coverage  was  not 
linearly  related  to  the  expoaure  time.  This  temperature  fluc¬ 
tuation  waa  doe  to  alight  diangea  in  the  oven  voltage  (and  hence 
oven  temperature)  and  also  to  air  currents  over  the  oven.  In 
subsequent  measurmaenta,  the  oven  voltage  was  held  constant 
with  a  constant-voltage  transformer  and  an  insulating  shield  was 
placed  around  the  oven  and  evaporator  arm  to  reduce  the  stray 
air  currents.  With  these  precautions,  the  evaporator  tempera¬ 
ture  could  usually  be  held  constant  to  +  1*C  or  less. 

The  Na  was  removed  from  the  crystal  by  heating.  It  was 
obaerved  that  if  the  crystal  was  heated  to  a  given  temperature 
for  about  10  minutes,  further  heating  at  the  same  temperature 
would  not  remove  any  more  Na,  since  the  work  function  would 
remain  constant.  This  was  also  observed  when  Na  waa  evaporated 
from  a  Si  crystal  in  a  previous  experiment  (ref.  6,  p.  20). 
However,  in  the  experiment  on  Si,  a  work  function  maximum  waa 
observed  in  the  evaporation  process;  no  such  maximum  waa  ob¬ 
served  in  the  present  measurements. 

After  the  work  function  had  been  returned  to  the  value 
for  the  clean  surface,  the  aurface  was  again  lon-boBd>arded  and 
the  crystal  was  re-annealed.  The  evaporator  was  then  heated  to 
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a  taaparattora  of  79.9 *C.  During  thla  ru^  tha  avaporator  taa^ 
paratnra  raa«lnad  conatant  to  within  1*6.  MaaauraMnta  were 
again  taken  after  erery  two  odnutea  oF  expoaure  tiwe. 

The  reaulta  are  ahown  in  Fig.  8a •  The  curwe  differed 
eonaiderably  from  the  one  relating  photoelectric  threahold  to 
orerlayer  thiclcneaa  obtained  preTionaly  (ref.  5,  Fig.  5a)  and 
also  from  thoae  relating  work  function  to  overlayer  thlckneaa 
for  OetBa,  GeiBaO,  InSbtBaO,  and  TatBaO  (ref.  5,  Flga.  5b  and  6). 
Inatead  of  hawing  one  aharp  break  aeparatlng  two  linear  portions, 
the  present  data  displays  seweral  breaks.  This  t3n;>lcal  behawlor 
was  reproducible  in  a  sense.  Seweral  curwes  were  obtained, 
starting  each  time  from  a  surface  that  had  been  ion-bombarded 
and  annealed.  The  general  shape  was  always  obtained,  and  the 
breaks  in  the  curwe  occurred  at  the  same  energy  each  time. 

The  walue  of  the  work  function  for  the  cleaned  surface 
(4.45  eV)  aeesM  low,  but  was  determined  assuming  a  walue  of 
4.54  eV  for  the  work  function  of  W.  If  the  work  function  of  the 
filament  were  higher,  say  4.80  eV,  then  the  work  function  of  the 
cleaned  surface  would  be  4.70  eV,  in  better  agrewent  with  the 
walues  obtained  by  other  Inweatigatora  (ref.  25).  A  second 
arguoient  to  strengthen  this  suggestion  is  that  the  work  function 
of  the  target  for  large  waluea  of  exposure  time  should  be  just 
that  of  Ha,  approximately  2.3  eV  (ref.  26).  Thla  is  the  walue 
one  obtains  from  the  present  data  if  the  work  function  of  the 
filament  is  assumed  to  be  4.8  eV. 

In  order  to  check  whether  the  saaw  behawlor  could  be  ob¬ 
tained  without  ion  bombardment  of  the  surface,  the  Ha  was  remowed 
by  a  gentle  heating,  which  waa  followed  by  a  hmut  treatment  at 
approximately  700 *C  for  15  minutes.  The  standard  2  minute  de- 
position-measurement  cycle  was  again  used  and  the  results  shown 
in  Fig.  8b  were  obtained.  The  ewaporator  temperature  was  83.0^ 
during  this  run  and  remained  constant  within  ±  0,15  *C.  The 
same  general  shape  was  again  obtained,  with  breaks  occurring  at 
the  same  walues  of  work  function  as  in  prewlous  runs. 

In  order  to  determine  idiether  the  nearly  flat  portion  of 
the  curwe  (Fig.  8)  which  occurs  at  a  work  function  of  about 
2.9  eV  might  be  due  to  a  ’’rearrangement*'  of  Na  on  the  surface, 
the  crystal  was  again  gently  heated  to  remowe  the  Na,  and  then 
ion  bombarded  and  annealed.  Na  was  again  deposited  and  meas¬ 
urements  made  after  ewery  two  sdnutes  of  exposure  to  the 
ewaporator.  When  the  flat  portion  of  the  curwe  was  readied, 
howewer,  Na  was  deposited  for  two  minutes,  and  then  the  crystal 
waa  removed  from  its  position  in  front  of  the  ewaporator.  The 
crystal  was  allowed  to  stand  for  10  minutes  before  a  measurement 
was  made.  This  procedure  was  repeated  until  the  steeper  portion 
of  the  curwe  was  reached,  after  which  the  standard  deposition- 
measurement  cycle  was  again  used.  The  results  are  ahown  in 
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Fig.  8c.  During  this  mn.  the  •▼abater  temperature  was  86.A*C 
and  remained  eonatant  within  -i-  0.1%.  Therefore  a  ahorter  ex- 
poanre  time  waa  needed  to  rea^  full  coverage  than  for  the  rtm 
ahown  In  Fig.  8a.  However,  the  amae  general  behavior  waa  again 
eadilblted.  The  reaulta  were  alao  reproducible  (In  the  aame 
aenae  aa  thoae  of  Fig.  8a)  and  Fig.  8c  repreaenta  a  typical 
curve  for  thla  type  of  depoaltlon*aeaaor«Mnt  cycle.  The  flat 
portion  In  queatlon  waa  again  preaent,  and  ao  It  aeema  unlikely 
that  a  '*rearrangement**  of  Na,  requiring  aome  time,  la  reaponalble 
for  It. 


One  can  obtain  a  relative  meaaure  of  the  evaporation  ratea 
for  the  different  temperaturea  by  ualng  the  vapor  preaaure- 
temperature  curve  for  Ma.  Thla  waa  done,  and  the  relative 
alopea  of  the  curvea  of  Fig.  8  were  compared  with  the  relative 
evaporation  ratea.  Only  a  very  poor  correlation  could  be  ob¬ 
tained.  No  aultable  explanation  haa  been  found  for  thla  poor 
correlation,  nor  haa  one  been  found  for  the  general  behavior 
esdtlblted  In  theae  curvea. 

An  atteaipt  waa  made  to  obtain  photoemlaalon  data  from  the 
cryatal  In  the  aame  tube,  but  the  attempt  waa  unaucceaaful.  It 
waa  hoped  that  photoemlaalon  data  might  help  to  explain  the 
complex  behavior  of  the  curvea  of  Fig.  8.  Apparently  aoaie  Na 
had  depoalted  on  the  amtal  parta  In  the  vicinity  of  the  cryatal 
(e.g. ,  the  cryatal  carrier,  the  W  trolley  roda,  etc.)  and  made 
them  photoelectrlcally  aenaltive.  When  light  vaa  ahone  on  the 
cryatal,  aome  atray  light  reached  theae  aenaltive  aurfacea,  and 
the  reaultlng  photocurrent  from  them  maaked  any  photocurrent 
from  the  cryatal  Itaelf. 

Overlayer  Stndlea  Ualng  the  Ion  Oun 

The  reaulta  obtained  with  the  thermal  evaporator  atreaaed 
the  Importance  of  being  able  to  determine  the  work  function  more 
accurately  than  .030  eV,  the  accuracy  attainable  with  the  low 
energy  electron  gun.  Thla  need  led  to  the  development  of  the 
vibrating  capacitor  deacrlbed  In  Sec.  2.1.4. 

After  the  meaanrementa  ualng  the  thermal  evaporator  were 
coBq>leted,  the  tube  waa  opened  and  the  vibrating  capacitor  In- 
atalled.  The  modified  veralon  of  the  Ion  gun,  ualng  an  alumln- 
oaillcate  Ha  Ion  aource  waa  alao  Inatalled.  Thla  la  the 
veralon  deacrlbed  In  Sec.  2.1.3.  Following  theae  modlflcatlona, 
the  tube  waa  again  evacuated  and  proceaaed.  The  aame  Oe  cryatal 
waa  uaed.  The  cryatal  waa  cleaned  ualng  the  aame  technlquea  aa 
before  and  preliminary  teata  of  the  Ion  gun  were  made.  In  order 
to  check  for  the  poaalbillty  of  negative  or  neutral  Impurltlea 
In  the  poaltlve  Ion  beam,  all  potentiala  on  the  gun  were 
maintained  at  their  uaual  valuea,  but  the  target  waa  blaaed 
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■f  22-I/2  V  with  r^apect  to  tha  fllaMnt.  Tha  fllaMant  waa  haatad 
to  oparatlng  tamparatura  and  tha  cryatal  waa  allowad  to  raauiln 
In  front  of  tha  gun  for  ona  hour.  At  nonaal  dapoaltlon  rataa, 
full  coraraga  could  eaally  ba  obtalnad  in  thla  parlod  of  tiaa* 

Tha  vibrating  capacitor  waa  naad  to  chack  for  any  change  In  work 
function.  It  waa  found  that  tha  work  function  had  Incraaaad  by 
about  .05  aV  during  thla  tlaw.  Thla  change  waa  judged  aaiall 
enough  to  be  Ignored. 

The  unlfomlty  of  the  Ion  depoaltlon  waa  alao  checked.  A 
amall  amount  of  Ha  (leaa  than  0.1  monolayer)  waa  depoalted  on 
the  cryatal  ualng  the  Ion  gun.  The  work  function  of  the  cryatal 
waa  meaaured,  ualng  the  electron  ran,  at  aeveral  placea  on  the 
portion  of  the  cryatal  idilch  received  Ha.  It  waa  found  that  the 
work  function  variation  over  thla  area  waa  leaa  than  .03  eV. 

Since  the  work  function  la  particularly  aenaltlve  to  amall  dlf- 
ferencea  In  overlayer  coverage  at  thla  low  overlayer  coverage, 
the  uniformity  waa  quite  good. 

The  aurface  waa  then  recleaned  by  aratterlng  and  the  de¬ 
pendence  of  work  function  on  overlayer  thickneaa  waa  meaaured 
(ualng  the  Ion  gun  aa  a  Ha  aource)  ualng  the  low  energy  electron 
gun  to  meaaure  work  function  ahifta.  Thla  dependence  waa  meaa¬ 
ured  aeveral  tlmea,  each  tlam  atartlng  from  a  clean  aurface.  A 
typical  curve  la  ahown  In  Fig.  9.  It  la  aeen  that  the  dependence 
meaaured  for  Ionic  depoaltlon  dlffera  from  that  for  atoadc  de¬ 
poaltlon  In  aeveral  reapecta.  Fir at,  only  two  breaka  occur  In 
the  curve.  The  firat  one  la  moat  pronounced  and  occura  at  a 
coverage  of  0.17  monolayera,  when  the  work  function  haa  been 
reduced  by  0.8  eV.  The  aecond  break  la  juat  detectable  and 
occura  at  a  coverage  of  0.50  monolayera,  correaponding  to  a  work 
function  decrease  of  1.28  eV.  Secondly,  thla  curve  la  always 
concave  upwards,  while  those  of  Fig.  8  have  a  portion  which  Is 
concave  downward.  Finally,  the  curve  of  Fig.  9  esdilblts  no 
flat  portion  as  do  the  curves  of  Fig.  8.  (For  the  purposes  of 
thla  discussion  one  monolayer  la  arbitrarily  defined  as  that 
coverage  for  idilch  there  Is  one  Na  atom  on  the  surface  for  each 
surface  6e  atom.  6  Is  the  fractional  overlayer  coverage,  l.e., 

6  B  1  corresponds  to  1  monolayer.) 

It  should  be  noted  that  the  Na  was  always  removed  from 
the  surface  by  sputtering  during  this  set  of  measuresmnts.  This 
precaution  was  taken  as  a  result  of  the  measurmaents  described 
In  Sec.  2.2.2  which  tend  to  Indicate  that  the  Na  diffuses  into 
the  bulk  If  the  crystal  Is  heated  with  Na  on  the  surface.  How¬ 
ever,  since  this  crystal  had  been  heated  with  Na  on  the  surface 
during  the  amasuraMOts  using  the  thermal  evaporator.  It  is 
possible  that  some  doping  of  the  bulk  with  Na  occurred. 
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Since  theic  mMcorMcnta  arc  by  no  acana  eoaplatcd,  one 
can  only  apacolata  aa  to  the  raaaona  for  the  dlfferancaa  In  the 
curvea  of  Plga*  8  end  9.  It  la  poaalble  that  theae  oarrea  de> 
pend  atronglv  on  the  annealing  treetaent  giren  the  cryatal  after 
each  apattaring.  Stepa  hare  been  taken  to  reproduce  thia  an¬ 
nealing  aa  accurately  aa  poaaibl«,  although  thia  la  difficult, 
alnce  tM^>eraturc  aeaaureaent  poaea  aereral  experlaental  dlf- 
flcultlea*  It  would  be  of  Intereat  to  aeaaure  the  work  function 
va.  owerlayer  cowerage  on  a  aurfacc  idiidi  haa  been  apnttered 
but  not  annealed,  ualng  both  t3rpea  of  depoaitlon,  aince  the 
aputterlng  paramatera  can  be  reproduced  much  more  eaaily. 
Secondly,  it  ia  poaalble  that  the  iupinging  Na  iona  diarupt  the 
aurface  when  they  atrike*  Thia  could  be  checked  by  ▼ar3rlng  the 
target  potential  frou  run-to-run  to  deterulne  idiether  the  energy 
of  the  impinging  iona  ia  of  any  importance.  Thirdly,  it  ia 
poaalble  that  aome  change  in  the  cryatal  occurred  when  the  tube 
waa  opened,  reaulting  in  a  different  dependence  on  coverage. 

Thia  can  alao  be  checked  quite  eaaily  by  ualng  the  thermal  evap¬ 
orator  and  rechecking  the  curvea  of  Fig.  8. 

It  ia  alao  poaalble  that  there  are  other  alkali  ions  in 
the  Ra  beam,  reaulting  in  a  different  curve.  Thia  auggeation 
aeema  leaa  feaalble  than  the  previoua  onea,  and  would  be  more 
difficult  to  check.  It  could  preauambly  be  done  ualng  a  aiaaa 
apectrometer.  however.  Finally,  it  might  be  poaalble  tbat  there 
ia  aome  intrlnalc  difference  between  the  adaorption  mechaniama 
for  iona  and  for  atoma. 

Theae  reaulta  ahow  that  a  ntaidber  of  meaaurementa  muat  be 
made  before  the  lowering  of  the  aurface  barrier  can  be  under- 
atood.  Other  6e  cryatala  ahould  be  atudied  in  order  to  rule 
out  the  poaalbillty  that  the  complex  dependence  of  work  func¬ 
tion  on  coverage  la  a  reault  of  Na  doping  of  the  cryatal.  This 
could  have  occurred  during  the  flrat  aet  of  meaanrem«ta  when 
Na  waa  removed  by  heating. 

2.2.2  Electron  Diffraction  Studiea  of  the  Structure 
of  Na  Adaorbed  on  6e 

Electron  Diffraction  Tube 

A  tube  for  atudying  the  a odium  overlayer  atructure  on  a 
germanium  aurface  cleaned  by  argon  ion  bombardment  haa  been 
conatructed  and  ia  ahown  achematlcally  in  Fig.  10.  The  tube 
includea  provlaion  for  cleaning  the  cryatal  by  argon-bombardaient , 
meaauring  the  work  function  employing  a  low  energy  electron  gun, 
and  depoaltlng  a odium  by  evaporation |  the  detaila  of  theae 
procedurea  are  deaeribed  in  Sec.  2.1.  Work  function  meaaure- 
menta  indicate  the  amount  of  ao^um  depoaited  idildb  la  correlated 
with  the  electron  diffraction  data.  The  electron  diffraction 
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chaabcr  !•  alao  uaad  for  Maaorlng  ylalda  and  anargy  dlatrlbn- 
tlon  of  tha  aacondary  alactrona,  the  lattar  balng  poaaibla 
becauaa  of  tha  apharlcal  gaomatry. 

Tha  alactron  diffraction  chanbar  la  almllar  to  one  pre- 
▼loualy  conatructad  In  thla  laboratory  (raf*  6).  Tha  chamber 
conaiata  of  two  concentric  hamlapharical  chroadum  plated  tong- 
aten  grida  (aae  Sac.  2.1.5)  plaa  a  haadapherlcal  flooraacant 
acraan  formed  on  tha  apharlcal  glaaa  anwalopa.  The  Inner  grid 
la  encloaad  on  tha  bottom  by  Adwanca  ahaat  matal  to  creata  a 
flald  fraa  raglon  aurrotmdlng  tha  cryatal.  Two  opanlnga  remain 
to  allow  tha  trolley  roda  and  cryatala  to  paaa  through  tha 
chamber.  Tha  aacond  grid,  held  near  filament  potential,  pra- 
venta  inalaatlcally  acattarad  alactrona  from  reaching  tha 
fluoreacant  acraan.  It  waa  extended  cyllndrlcally  downward  from 
the  diameter  of  the  hemiaphere  with  Adwance  aheet  metal  to  aa* 
aura  maximum  auppreaalon  of  Inelaatlcally  acattarad  alactrona. 
The  fluoreacant  acreen  waa  formed  by  depoaltlng  powdered  zinc 
aulflde  on  tha  apharlcal  glaaa  enTelope  which  had  been  pre- 
vloualy  coated  with  a  tranaparent  atannoua  oxide  conducting  film 
for  electrical  contact.  A  poat  acceleration  of  2  kV  la  uaed  to 
excite  the  acreen.  Another  tranaparent  fluoreacant  acreen  waa 
mounted  below  tha  inner  chamber  (Fig.  10)  for  diacklng  operation 
of  tha  electron  gun  by  allowing  the  beam  to  paaa  through  the 
acreen  at  the  bottom  of  the  Inner  chamber  and  be  poat  acceler¬ 
ated  to  excite  the  acreen. 

Tha  alactron  gun  uaed  for  diffraction  meaaurementa  la 
Identical  to  thoae  uaed  for  aacondary  alactron  emlaalon  meaaure- 
menta  In  thla  laboratory.  The  gun  producea  a  beam  current  of 
0.1  |uuap  at  10  eV  energy  and  Increaaea  to  1.0  pamp  at  100  eV 
energy.  The  beam  may  be  focnaed  to  a  diameter  leaa  than  1  am. 

Two  germanium  cryatala.  each  hawing  tha  (111)  face  ex- 
poaed.  are  balng  uaad  In  the  preaent  experiment.  One  waa  cut 
from  a  50  ohai-cm  n-type  germanium  aingla  cryatal  Ingot,  mechani¬ 
cally  pollahed  and  treated  with  CP-4  etch.  The  other  waa  a  thin 
21  obmocm  alngle  cryatal  ribbon  obtained  from  the  Weatlnghouae 
Reaearch  Center  through  the  courteay  of  S.  O'Hara.  The  ribbon 
cryatal  haa  a  much  amoother  aurface  than  the  Ingot  cryatal.  re- 
qulrea  no  aurface  treatawnt.  and  la  thua  more  aultabla  for  aur- 
face  atudlea.  Tha  cryatala  are  mounted  on  movable  tungaten 
trolley  roda.  the  movement  of  which  la  accompllahed  by  magnetic 
ccmpllng  from  cmtalde  the  tube.  Movable  trolley  roda  are 
neceaaary  to  allow  the  cryatal  to  be  moved  through  the  diffrac¬ 
tion  Camber.  The  cryatala  are  heated  by  radiation  from  a 
200  watt  lamp  outalde  the  tube. 

Two  aputter  pumpa.  aeparated  by  a  Granvllle-Phllllpa  valve, 
are  mounted  beneath  the  atation  In  a  magnetically  ahlelded  oven 
ihlch  allowa  the  pumpa  to  be  baked  Independently  of  the  tube. 
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Thtt  poap  f^leh  la  directly  eonnactad  to  tha  tnba  la  uaad  only 
for  Maintaining  high  vacuum  whlla  tha  pump  aaparated  from  tha 
tuba  by  tha  valva  la  uaad  during  tuba  procaaaing  and  for  avacua- 
tlon  of  argm,  Tha  valva  la  uaad  to  regulate  tha  flow  Into  tha 
puBip  during  tha  removal  of  argon  from  the  tnba  and  for  laolatlng 
tha  contaminated  pomp  from  tha  ay  at  am  when  the  cryatala  are  clean. 
Tha  tnba  la  proceaaad  In  tha  atandard  manner  uaad  In  thla  labo¬ 
ratory  (Sac.  2.1.1)  ualng  a  balcaout  temperature  of  300*C.  An 
ultimate  tuba  praaaura  of  laaa  than  10~10  Torr  la  achieved  aa 
meaanrad  by  tha  aputtar  pump.  The  actual  preaaura  In  the  tuba 
la  aomawhat  greater  due  to  pumping  Impedance. 

Slow  Electron  Diffraction  Experlmenta 

Dlacuaalon  of  electron  diffraction  experlmenta  la  often 
confoalng  becauae  of  the  wide  range  of  nomenclature  need  in  the 
literature.  Recently  a  memorandum  by  Elizabeth  A.  Wood  and 
J.  J.  Lander  of  Bell  Laboratorlea  waa  circulated  among  those 
working  on  surface  structures  In  an  effort  to  unify  the  termi¬ 
nology.  The  following  discussion  employs  their  suggested 
notation. 

In  general,  the  periodicity  of  a  single  crystal  does  not 
extend  to  the  vacuum  because  of  the  rearrangement  In  the  surface 
region  normally  required  to  a^leve  a  minium  energy  configura¬ 
tion.  The  region  near  the  surface  having  different  structure 
from  the  bulk  la  defined  as  the  aelvedge.  The  structure  beneath 
the  aelvedge  having  three  dluanslonal  periodicity  la  called  the 
substrate.  The  aelvedge  In  the  present  case  consists  of  the 
deposited  over layer  and  the  displaced  substrate  atoms  and  has 
two  dimensional  periodicity  on  a  clean,  well  ordered  surface. 

The  structure  of  the  aelvedge  la  designated  '^surface 
structure**  to  distinguish  It  from  the  substrate  structure.  Since 
the  surface  structure  has  two  dimensional  periodicity.  It  la 
convenient  to  define  a  two  dimensional  aurface  unit  amah  parallel 
to  the  surface  plane.  Because  the  surface  structure  mnat  be  In 
register  with  the  substrate  structure.  It  will  esdilblt  many  of 
the  s3rwmetry  properties  of  the  substrate.  In  particular,  the 
period  of  the  surface  structure  Is  normally  a  multiple  or  sub- 
mnltlple  of  the  substrate  structure.  Because  many  surface 
structures  may  be  considered.  It  la  expedient  to  define  a 
**atatlonary**  unit  mesh  to  idiich  they  may  be  referred.  For 
studies  on  the  Oe  (111)  surface,  this  Is  taken  as  the  hexagonal 
structure  of  the  (111)  plane.  Thus  a  60*  rhombus  substrate  unit 
meah  la  defined  and  Illustrated  In  Fig.  11(a).  The  corresponding 
two  dimensional,  conventionally  defined,  reciprocal  lattice  la 
again  a  hexagonal  structure  which  Is  rotated  30*  with  respect 
to  the  real  lattice  (see  Fig.  11(b)). 
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The  description  of  the  surface  in  relation  to  the  substrate 
unit  mesh  is  given  in  the  following  quotation  from  the  Bell 
Telephone  Laboratories  memorandum. 

'*1.  The  none  of  the  substrate  (e.g.,  a  -  SiO^,  6e,  NaCl). 

2.  The  substrate  plane  parallel  to  the  surface  in  terms 

of  its  conventionally  defined  indices  (e.g.,  Oe  (111),  NaCl  (100)). 

3.  The  ratio  of  the  repeat  distance,  a,,  of  the  surface 
structure  net  to  the  repeat  distance,  a,  of  the  substrate 
primitive  mesh;  also  bg/b  if  necessary,  e.g.,  6e  (111),  30*; 

Mi  (Oil)  2x3  (read  **2  by  3**) .  Note  that  2  43  means 
2  JS  X  24^.  30*  signifies  that  the  surface  unit  mesh  is 

rotated  30*  with  respect  to  the  substrate  unit  mesh. 

<1.  (Separated  from  the  above  by  a  short  dash.)  The 
identification  of  foreign  atoms,  if  any,  responsible  for  the 
surface  structure. 


e.g..  Si  (100)  4 

Si  (100)  12-P 
Ni  (Oil)  1x3-0." 

Interpretation  of  the  surface  structure  from  the  electron 
diffraction  pattern  is  visualized  most  easily  through  the  two 
dimensional  reciprocal  lattice.  For  example,  consider  the  in¬ 
terpretation  of  the  6e  (lll)-2  structure  with  the  aid  of  the 
reciprocal  lattice  shown  in  Pig.  11(b).  The  double  surface 
unit  mesh  whi<A  has  the  same  orientation  as  the  substrate  unit 
SMsh  merely  doubles  the  nuBd>er  of  points  in  the  reciprocal 
lattice  aa  shown.  The  reciprocal  lattice  points  are  labeled 
with  conventionally  defined  Miller  Indices  which  are  related  to 
the  substrate  unit  mesh.  Thus  multiple  surface  periodicity  re¬ 
quires  the  use  of  fractional  indices.  For  example,  1/2  order 
learns  in  the  reciprocal  lattice  direction  (11)  are  labeled 
(1/2  1/2) .  It  is  convenient  to  use  multiple  Miller  indices  to 
identify  multiple  order  bemaa.  For  example,  the  second  order 
beam  in  the  (1  1)  azimuth  is  designated  by  the  Miller  indices 
(2  2). 


The  projection  of  the  observed  diffraction  pattern  on  a 
plane  normal  to  the  direction  of  the  Incident  beam  is  directly 
related  to  the  reciprocal  lattice.  By  definition,  the  length 
of  the  reciprocal  lattice  vector  Is  the  reciprocal  of  the  dia- 
tance  between  the  corresponding  grating  lines  (e.g..  if 
r*  »  h  a*  +  k  b*,  then  r*  »  l/d(hk)  vhere  d(||V)  signifies  the 
distance  between  surface  grating  lines  having  fuller  Indices 
(hk).  According  to  Bragg^s  diffraction  law  (for  normal  incidence) 
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•In  e  s  ^  /d 


(hk)  *  ^  *'*(hk) 


idler*  6  la  the  angle  betireen  Incident  end  acettered  beana  and  ^ 
la  the  warelenath  oC  the  incident  bean.  Thua  a  diffracted  bean 
haring  Hiller  uidlcea  (hk)  will  be  obaerred  whenever  1/k-  >  r*(i|]c) 
and  thla  bean  will  nake  an  angle  with  the  nomal  given  by 
Bragg' a  law.  If  a  circle  of  radlna  l/X  la  drawn  In  the  reciprocal 
lattice  (aee  Fig.  11(b)),  It  la  eaally  seen  that  the  pattern  con¬ 
tained  within  thla  circle  la  Identical  to  the  pattern  obaerved 
on  the  apherlcal  fluoreacent  acreen  when  projected  on  a  plane 
nornal  to  the  incident  bean. 

In  the  above  dlacaaalon,  It  waa  aaaumed  that  the  electrona 
were  acettered  fron  a  two  dlnenalonal  cryatal.  Thla  la  a  rea- 
aonable  flrat  approxlnation  becanae  of  the  low  penetration  depth 
of  alow  electrona.  The  aton  layer*  below  the  aurface  have  the 
effect  of  producing  naxlan  and  nlnlna  In  the  Intenalty  of  the 
diffracted  beam*  according  to  whether  they  Interfere  conatruc- 
tlvely  or  deatructlvely.  The  nodulatlon  of  the  Intenalty 
obaerved  In  the  diffracted  beana  beconea  Increasingly  Important 
with  increasing  energy,  as  more  layers  contribute  to  the  scat¬ 
tering  process.  Obaervatlona  of  the  energy  at  which  these 
extrena  occur  gives  Infomatlon  concerning  the  position  of  the 
atona  In  the  layers  below  the  aurface. 

Electron  diffraction  patterns  were  obaerved  from  both  the 
Ingot  cryatal  and  the  ribbon  cryatal  after  the  argon  bondiardiaent 
cleaning  and  hlgh-temperature  annealing.  The  pattern  from  the 
ribbon  cryatal  waa  considerably  stronger  than  from  the  Ingot., 
cryatal  because  of  It  a  smoother  surface.  However  the  aurface 
plane  of  the  germanium  ribbon  appeared  to  be  about  2*  -  3*  from 
the  (111)  plane  according  to  the  observed  pattern.  Although 
one  must  be  aware  of  thla  fact  idien  Interpreting  the  data.  It 
la  not  believed  to  effect  the  gross  properties  ^  the  pattern. 

A  Ge  (111)  1  structure  was  obaerved  from  the  Ingot  crystal 
after  an  argon  cleaning  treatment  and  an  annealing  at  about 
700*C  for  100  hours.  A  brief  annemllng  treatment  at  approxi¬ 
mately  800*0  produced  a  6*  (111)  2  structure.  However,  the  1/2 
order  beaau  were  very  weak  and  could  not  be  strengthened  through 
various  surface  cleaning  and  annealing  treatments.  Apparently 
the  CP-4  etch  produces  a  surface  idilch  la  too  rough  to  be  suit¬ 
able  for  electron  diffraction  measurement a.  Becanae  of  this 
difficulty,  the  Ingot  cryatal  was  abandoned  in  favor  of  the 
ribbon  cryatal  for  electron  diffraction  obaervatlona. 

A  light  argon  cleaning  treatment  using  200  eV  Iona  at 
30  |ianpa/a^  for  30  udLnutea  plus  a  brief  annealing  at  approxl- 
mately  500*0  waa  aufflcient  to  produce  a  strong  diffraction 
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patttrn  fr«a  th«  ribbon  cryatol.  In  addltlcm  to  the  strong 
Integer  order  be«M,  1/8  order  beeiM  were  observed  along  some 
aslsuths*  ngtore  12  Illustrates  the  pattern  observed  on  the 
clean  crystal.  Only  a  few  of  the  1/8  order  beans  were  detected 
indicating  that  the  structure  had  a  periodicity  8  times  that  of 
the  substrate  In  only  a  few  aalnuths.  Perhaps  further  analysis 
will  reveal  a  logical  configuration  which  produces  the  observed 
pattern. 

The  double  spacing  surface  structure  Is  In  agreenent  with 
others  (refs.  12,27)  for  the  (111)  face  of  cleaned  gemanlum. 
However  Lander  (ref.  27)  observed  that  the  1/2  order  beans  were 
doublets  which  required  a  12  x  12  surface  unit  nesh.  The  In¬ 
terpretation  of  the  8  order  structure  In  the  present  case, 
follows  that  suggested  by  Lander  (ref.  27)  for  his  observations. 

It  Is  conjectured  that  the  6e  (111)  2  structure  produces  strains 
which  are  relaxed  by  a  displacement  giving  a  much  larger  surface 
unit  mesh  (8  x  8  In  this  case). 

The  mode  of  operation  for  the  electron  diffraction  cdiamber 
was  somewhat  different  frcmi  that  suggested  by  Lander  (ref.  28). 
Lander  found  that  operating  the  Inner  grid  100  volts  above 
crystal  potential  ’’sharpened**  the  pattern  at  low  energies.  This 
mode  of  operation  decreases  the  ’’time  of  flight”  of  the  dif¬ 
fracted  electrons  which  decreases  distortion  from  stray  fields 
and  spreading  of  the  beam  due  to  electron-electron  Interaction. 
Attempts  to  operate  the  present  tube  using  this  suggested  po¬ 
tential  configuration  may  have  sharpened  the  pattern  at  Inter¬ 
mediate  energies  (30  -  100  eV),  but  loss  of  resolution  occurred 
at  extremely  low  energies.  In  particular,  the  l/8  order  struc¬ 
ture  was  not  resolved  lea^ng  a  ’’smear”  around  the  (1/2  1/2) 
beam  locations.  It  Is  believed  that  the  shielding  provided  by 
the  180*  hemispherical  grids  plus  the  advance  sheet  which  com¬ 
pletely  enclosed  the  crystal  was  sufficient  to  allow  the  Inner 
grid  to  be  operated  at  crystal  potential  without  appreciable 
distortion  frwn  external  fields.  The  loss  of  resolution  when 
attempting  to  operate  the  Inner  grid  above  crystal  potential  Is 
not  understood. 

The  data  taken  on  the  electron  diffraction  patterns  con¬ 
sisted  of  recording  the  energy  at  which  the  diffracted  beams  ex¬ 
hibited  maxima  and  minima  In  Intensity  along  with  comments  on 
the  relative  Intensity  and  width  of  the  extrema.  The  words 
narrow,  medium,  and  broad  are  used  In  the  following  to  Indicate 
extrema  widths  In  the  neighborhood  of  2*,  5*  and  10*  respectively. 
The  data  taken  on  the  clean  germanium  ribbon  Is  tabulated  In 
Table  I.  Errors  In  the  recorded  energies  are  due  primarily  to 
non-normal  Incidence  of  the  Incident  electron  beam  on  the  (111) 
plane  of  the  sample. 
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Tabic  I 


Electron  Diffraction  Obaervationc  of  the 
Ge(llI)-2  Structnre  on  the  Clean  Surface 


Beam 

V 

max 

Vn 

Intensity 

Width 

(0  1/2) 

12.3 

medium 

broad 

(0  1) 

21 

(0  1) 

30 

narrow 

(0  1) 

42 

bright 

medium 

(0  3/2) 

54 

dim 

medium 

(0  2) 

62 

bright 

medium 

(0  2) 

91 

narrow 

(0  2) 

106 

medium 

narrow 

(0  2) 

182 

medium 

narrow 

(0  5/2) 

76 

dim 

medium 

(0  3) 

134 

medium 

medium 

(0  3) 

177 

medium 

(0  3) 

190 

dim 

medium 

(0  4) 

210 

medium 

medium 

(11) 

41.5 

medium 

narrow 

(11) 

56 

dim 

narrow 

(11) 

97 

bri^t 

narrow 

(22) 

172 

medium 

narrow 

(21) 

90 

medium 

medium 

(21) 

99 

medium 

(21) 

110 

medium 

narrow 

(21) 

187 

dim 

narrow 

It  should  be  emphasized  that  although  the  pattern  ex¬ 
hibited  apparent  six-fold  synaietry,  It  vas  three-fold  In  the 
strictest  sense  because  the  axis  of  the  crystal  perpendicular  to 
the  (111)  plane  possesses  ^ree-fold  rotational  ayametry.  This 
causes  diffracted  beaus  differing  in  azimuth  by  60*  In  the  **slx- 
fold**  pattern  to  pass  through  extrema  at  sll^tly  different 
energies.  Further  analysis  of  the  data  Is  needed  to  determine 
whether  It  Is  sufficient  to  allow  construction  of  a  surface  model 
with  any  degree  of  confidence.  It  may  be  that  a  more  accurate 
method  of  recording  data,  such  as  measuring  the  Intensity  of 
the  diffracted  beam  with  the  spot  photometer  as  a  function  of 
Incident  electron  beam  energy,  la  needed. 

Deposition  of  sodium  was  monitored  by  measuring  the  re¬ 
sulting  work  function  ^ange  employing  a  low  energy  electron 
gun  (Sec.  2.1.4)  •  This  method  measures  changes  In  work  function 
with  a  sensitivity  of  .03  eV,  but  does  not  establish  an  abaolute 
acale.  As  a  reference  point,  the  work  function  value  of  4.79 
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obtalnad  on  the  (III)  surface  of  clean  gemanlum  by  Dillon  and 
Farnsworth  (ref  •  25)  waa  used*  The  recorded  work  function  is 
obtained  by  subtracting  the  aasaured  work  function  shift  fron 
this  value. 

Initial  deposition  of  aodlum  resulted  In  loss  of  intensity 
of  the  fractional  order  beana.  This  effect  was  first  observed 
at  a  measured  work  functlm  of  k»S7  eV.  At  a  work  function  of 
4.39  eV  the  1/2  order  beasis  were  just  visible  and  they  disap¬ 
peared  completely  after  aodlum  deposition  had  decreased  the  work 
function  to  ^.02  eV.  During  this  period  of  deposition  the  Inte¬ 
ger  order  structure  became  sharper,  Indicating  greater  surface 
order.  The  electron  diffraction  data  taken  at  this  point  la 
tabulated  In  Table  II. 

As  mentioned  above.  It  Is  believed  that  the  sodium  affects 
the  pattern  predominantly  through  the  dianges  It  produces  on 
the  germanium  structure  since  It  does  not  make  an  appreciable 
direct  contribution  to  the  scattering  process.  The  strong 
Ge  (111)  1-Na  structure  obtained  after  a  small  amount  of  sodium 
has  been  deposited  Indicates  that  the  sodium  overlayer  relaxes 
the  surface  strains  and  results  In  Increased  surface  order. 

Using  data  obtained  on  work  function  vs.  over  layer  coverage 
(Sec.  2.2.1),  the  density  of  sodium  atoms  required  to  relax  the 
Ge  (111)  2  structure  may  be  determined.  It  Is  hoped  that  further 
study  will  produce  a  model  which  predicts  this  result. 

Only  very  slight  changes  In  the  diffraction  pattern  were 
observed  upon  further  deposition  of  sodium  which  reduced  the 
work  function  to  3.02  eV.  This  should  be  compared  with  the 
minimum  work  function  of  about  2.3  eV  obtainable  with  full  sodium 
coverage.  The  slight  decrease  In  Intensity  observed  during  this 
stage  of  evaporation  waa  probably  caused  by  Interference  from 
the  deposited  overlayer.  This  would  be  expected  If  the  overlayer 
were  not  well  ordered. 

At  this  point,  the  crystal  was  gently  heated  by  irradia¬ 
tion.  The  exact  temperature  was  not  known  but  was  judged  to  be 
between  100*0  and  200*0.  A  rmry  dramatic  effect  was  observed. 

The  work  function  Increased  to  3.92  eV  and  a  very  strong 
Ge  (111)  4-Na  structure  was  produced.  Obaervatlona  are  recorded 
In  Table  III.  The  1/h  and  1/2  order  beasM  were  clearly  visible 
and  eadilblted  six-fold  symaietry  Indicating  predominate  scattering 
from  the  top  germanium  layer.  The  l/h  order  beams  were  visible 
at  energies  down  to  1.9  eV  (corrected  for  contact  potential  dif¬ 
ference).  The  pattern  waa  distorted  at  these  low  miergles  due 
to  stray  electric  and  suignetlc  fields  but  was  readily  identifiable. 

Further  deposition  of  sodium  on  the  Ge  (111)  A-Ha  structure 
corresponding  to  a  work  function  decrease  to  2.92  eV  left  the 
pattern  unchanged  except  for  a  noticeable  loss  In  Intensity.  A 
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Tabift  II 


Elaetron  Diffraction  Obaarvatlons  on  the 
Ga  (111)  1-Na  Stroctnra  Taken  After  Initial 
Depoaltlon  of  Sodlna  on  the  Clean  Surface 


Beam 

V 

max 

^mln 

Intenalty 

Width 

(01) 

11,3 

medium 

medium 

(01) 

(01) 

2ii.5 

29 

brl^t 

narrow 

narrow 

(01) 

(01) 

35 

42 

medium 

narrow 

narrow 

(01) 

52 

brl^t 

narrow 

(02) 

70 

medium 

broad 

(02) 

Ilk 

bright 

medium 

(02) 

175 

dim 

narrow 

(03) 

138 

medium 

broad 

(03) 

186 

medium 

medium 

(03) 

228 

medium 

medium 

(Oil) 

220 

medium 

medium 

(11) 

50 

medium 

medium 

(11) 

100 

brls^t 

narrow 

(11) 

132 

dim 

narrow 

(22) 

170 

medium 

medium 

(22) 

197 

medium 

narrow 

(22) 

239 

brl^t 

medium 

narrow 

(21) 

92 

broad 

(21) 

123 

bright 

medium 

(21) 

193 

medium 

narrow 

(21) 

2i|i4 

bright 

narrow 

(12> 

112 

medium 

medium 

(12) 

138 

medium 

medium 

(12) 

178 

medium 

medium 

(12) 

223 

dim 

narrow 

(il2) 

283 

dim 

medium 

(2il) 

277 

dim 

medium 

(13) 

169 

• 

bright 

narrow 

(31) 

179 

bright 

narrow 

3tt 


Tabl«  III 


Elactron  Diffraction  Obaarrationa  on  tha 
Oa  (111)  4-Ha  Structnra 


Bean 

V 

aax 

Intenaity 

Width 

(0  1/2) 

6.3 

bright 

narrow 

(0  1/2) 

13.3 

din 

Mdium 

(1/2  0) 

5 

dim 

broad 

(1/2  0) 

13.5 

bright 

madlum 

(0  1) 

(0  1) 

11.6 

17 

bright 

broad 

madium 

(0  1) 

22 

bright 

madlum 

(0  1) 

(0  1) 

34 

28.8 

bright 

broad 

madium 

(10) 

(10) 

10 

13,2 

bright 

broad 

madium 

(10) 

(10) 

16 

19.5 

bright 

broad 

madlum 

(0  5/4) 

26 

dim 

madium 

(0  5/4) 

(0  5/4) 

34 

42 

nadlum 

madlum 

narrow 

(0  5/4) 

49 

bright 

narrow 

(5/4  0) 

31 

madium 

madlum 

(5/4  0) 

42 

madlum 

narrow 

(5/4  0) 

64 

dim 

madium 

(0  3/2) 

45 

madlum 

madlum 

(0  3/2) 

67 

madium 

madium 

(0  3/2) 

95 

dim 

madlum 

(3/2  0) 

41 

dim 

madlum 

(3/2  0) 

77 

dim 

madium 

(3/2  0) 

104 

dim 

madium 

(02) 

59 

bright 

madium 

broad 

(02) 

88 

madium 

(02) 

126 

dim 

madium 

(11) 

(11) 

80 

73 

madlum 

madium 

madium 

(11) 

109 

dim 

madium 

(21) 

33 

madlum 

madium 

(21) 

44 

dim 

madiom 

(21) 

62 

dim 

madium 
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v«ry  low  tMporatnro  (looa  than  100 **C)  boating  traatnant  at  thla 
covaraga  Incraaaad  tha  work  function  to  3,37  aV  and  raaowad  tha 
fractlwial  order  banaa  alaoat  beyond  detection.  Sobae^nant 
aodinai  depoaltion  resoTed  the  Oe  (111)  A-Na  atroctnre  entirely^ 
leawlng  mily  integer  order  beaua.  Depoaltion  of  aodiun  waa  con- 
tinned  to  full  coverage  with  no  change  in  the  6e  (111)  1-Na 
atructure  except  for  loaa  of  intenaity. 

The  cryatal  waa  then  given  a  aequence  of  heating  treatmenta 
at  Increaaing  temperaturea  and  the  reaulting  patterna  obaerved. 
The  Ge  (111)  1-Na  pattern  increaaed  conalderably  in  intensity 
through  initial  heating  treataenta  during  which  the  work  func¬ 
tion  increaaed  to  3.5  eV.  The  data  tabulated  in  Table  IV  waa 
taken  at  thia  atage.  Coapariaon  of  Table  IV  with  Table  II  ahows 
that  the  two  Ge  (111)  1-Na  atructurea  are  not  the  aame. 

Further  heating  treataenta  ^adually  brought  back  the 
Ge  (111)  ^-Na  atructure.  It  waa  firat  detected  at  a  work  func¬ 
tion  of  3.92  eV  and  becaae  verv  atrong  at  a  coverage  correa- 
pcmdlng  to  a  work  function  of  4.37  eV.  Thla  pattern  appeared 
to  be  identical  to  that  recorded  in  Table  III.  The  pattern 
gradually  returned  to  that  of  the  clean  cryatal  aa  the  heating 
treataenta  were  continued. 

Interpretation  of  the  above  obaarvatlona  la  complicated 
by  the  fact  that  the  reaulta  depended  on  the  hlatory  of  the 
cryatal.  The  work  function  obtained  after  aodlum  depoaltion  and 
aubaequent  heating  waa  not  a  unique  function  of  the  teiaperature 
to  idiich  the  apecimen  waa  heated,  but  depended  on  the  amount  of 
aodlum  depoalted.  One  would  not  expect  thia  to  happen  if  the 
aodlum  were  leaving  the  aurface  by  evaporation.  Apparently  the 
aodlum  dlffuaea  into  the  cryatal  during  the  thermal  treatmenta. 
Thia  made  the  effect  of  aubaequent  heating  treatmenta  leaa 
pronounced,  preaumably  due  to  the  aodlum  concentration  gradient 
at  the  aurface.  For  example,  the  temperature  required  to  pro¬ 
duce  the  Ge  (111)  4-Na  atructure  after  full  aodlum  coverage  waa 
much  higher  than  that  needed  after  partial  coverage. 

The  Ge  (111)  ^-Na  atructure  la  conjectured  to  be  a  re¬ 
arrangement  of  the  aodlum  or  germanium  atoma  formed  by  heating, 
Vhen  the  proper  concentration  of  aodlum  at  the  aurface  exlata. 

The  atructure  la  not  atable  at  high  temperaturea;  the  aodlum 
can  dlffuae  Into  the  bulk.  The  following  obaervatlona  are  In 
agreement  with  the  above  poatulate.  After  the  cryatal  aurface 
waa  cleaned  by  high- temperature  beating,  aodlum  waa  depoalted 
until  the  work  function  dropped  to  4.27  eV.  Thla  value  of  work 
function  la  within  the  range  over  which  the  Ge  (111)  4-Na  atruc- 
ture  peralated  In  the  courae  of  the  prevloua  run.  Mow  If  the 
work  function  la  a  unique  function  of  the  overlayer  coverage 
and  If  the  formation  of  the  Oe  (111)  4-Na  atructure  doea  net 
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Table  IV 


Electron  Diffraction  Obaarvetlons  on 
Go  (111)  1-Me  Structure  Obtained  After  Full  Sodium 
CoTorage  and  Subaequant  Low  Temperature  Heating 


Beam 

V 

max 

^min 

Intensity 

Width 

(01) 

13 

bright 

broad 

(01) 

16 

broad 

(01) 

29 

bright 

medium 

(01) 

3A 

narrow 

(01) 

k2 

bright 

medium 

(01) 

bright 

medium 

(01) 

103 

dim 

medium 

(01) 

136 

medium 

medium 

(10) 

12 

dim 

broad 

(10) 

lA 

medium 

(10) 

16.5 

dim 

medium 

(10) 

20 

narrow 

(10) 

32 

medium 

medium 

(10) 

A2 

medium 

(10) 

67 

bright 

medium 

(10) 

95 

medium 

medium 

(02) 

57 

medium 

broad 

(02) 

65 

narrow 

(02) 

76 

dim 

medium 

(02) 

103 

bright 

bright 

(02) 

153 

dim 

medium 

(02) 

177 

medium 

medium 

(02) 

225 

dim 

medium 

(20) 

AS 

bright 

broad 

(20) 

55 

narrow 

(20) 

63 

bright 

medium 

(20) 

75 

brl^t 

medium 

(20) 

105 

bright 

broad 

(20) 

171 

dim 

narrow 

(03) 

126 

medium 

broad 

(03) 

167 

dim 

narrow 

(03) 

187 

dim 

narrow 

(03) 

3A0 

dim 

narrow 

(30) 

112 

medium 

broad 

(30) 

13A 

bright 

medium 

(30) 

17A 

dim 

medium 

(30) 

230 

dim 

medium 

j 

I 
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Tabltt  IV  (continuftd) 


Bean 


(Oil) 

(04) 

(40) 

(40) 

(T2) 

(T2) 

(12) 

^2) 

g2) 

a2) 

(12) 

(11) 

(11) 

(11) 

(11) 

(11) 

(22) 

(22) 

(22) 

(12) 

(12) 

(12) 

(12) 

(12) 

(21) 

(21) 

(21) 

(21) 

(21) 

(24) 

(42) 

(31) 

(31) 

(31) 

(31) 

(41) 

(^T) 

(41) 


Intanaltv 


210 

dim 

245 

dim 

220 

dim 

260 

dim 

42 

50 

57 

75 

82 

100 

115 

37 

bright 

53 

medium 

74 

bright 

122 

dim 

240 

medium 

151 

dim 

168 

medium 

197 

medium 

90 

dim 

110 

bright 

132 

dim 

188 

medium 

220 

dim 

88 

bri^t 

111 

medium 

145 

medium 

199 

dim 

226 

dim 

268 

medium 

280 

medium 

171 

medium 

206 

medium 

231 

dim 

257 

dim 

165 

medium 

192 

dim 

220 

bright 

Width 

madltm 

medium 

medium 

narrow 

medium 

medium 

medium 

medium 

narrow 

medium 

medium 

bright 

bri^t 

medium 

medium 

medium 

medium 

narrow 

narrow 

medium 

medium 

medium 

medium 

medium 

medium 

medium 

medium 

medium 

medium 

dim 

dim 

medium 

medium 

narrow 

narrow 

medium 

medium 

medium 
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raqulr*  a  aurfao*  conoantration  gradiant  e£  todioB,  than  thara 
ahonld  haTa  baan  anough  aodlim  on  tha  anrfaca  to  form  tha  atroc- 
tnra*  Howarar,  tha  aama  haatlng  traatmant  prarionaly  raqnirad 
to  form  tha  atmetura  aftar  larga  eovaragaa  raanltad  In  tha  ra- 
tum  of  tha  work  function  to  a  walua  naarly  colncldant  with 
that  of  tha  claan  atata  and  no  aridanea  for  tha  formation  of  tha 
Oa  (111)  4-Na  atmetura  waa  obaarrad.  No  aurfaca  concantratlon 
gradlant  axlatad  at  tha  aurfaca  prior  to  thla  axporlmant  bacauaa 
of  tha  hlgh-tamparatura  haatlng  traatmant  giran  tha  cryatal  ba- 
fora  aodium  dapoaltion,  Thua,  according  to  tha  poatulata  mada 
abora,  tha  fodium  aaaily  diffuaad  into  the  bulk  leaving  a  aurfaca 
concentration  below  that  needed  to  form  tha  6a  (111)  4-Na 
atmetura. 

From  the  above  raaulta,  it  appaara  that  aodium  dlffuaea 
into  tha  cryatal  upon  heating  and  that  tha  moat  of  the  atme- 
turaa  obaarvad  ware  dependant  on  a  aodium  concantratlon  gradient 
at  tha  aurfaca.  Cara  ahould  be  axarclaad  to  prevent  the  dif- 
fualon  from  occurring.  Attampta  will  be  mada  in  future  axparl- 
menta  to  heat  tha  aodium  covered  cryatal  at  temparaturea  low 
enough  to  prevent  inward  diffuaion  of  aodium,  but  high  anough 
to  allow  raarrangaaMnt  of  aurfaca  atoma. 

2.2.3  Secondary  Electron  Emiaalon  from  Na-Covarad  6a 

Secondary  electron  emiaalon  atudiaa  ware  carried  out  on 
both  tha  ingot  germanium  cryatal  and  tha  ribbon  garmaaium  cryatal. 
Initial  afforta  wara  mada  on  tha  ribbon  cryatal  bacauaa  of  ita 
amoother  aurfaca.  However,  it  waa  dia covered  that  tha  ribbon 
cryatal  had  become  contaminated  with  aodium  during  tha  electron 
diffraction  atudiaa  and  ao  later  maaauramanta  wara  concentrated 
on  tha  ingot  germanium  aampla. 

Tha  aacondary  amlaaion  yield  maaauramanta  ware  made  aai- 
plo3ring  tha  bridge  technique  atandard  for  thia  laboratory 
(ref.  29).  Tha  conductivity  of  tha  garauinium  aampla  waa  auf- 
flciantly  high  to  allow  ataady  atata  maaauramanta  to  be 
Tha  primary  electron  beam  currmit  waa  normally  laaa  than 
amparea  and  precaution  waa  taken  to  aaaura  that  tha  srleld  waa 
Indapandant  of  tha  primary  currant.  Tha  two  apharical  grlda 
and  fluoraacant  acraan  aarvad  aa  aacondary  electron  collactora 
for  thaaa  maaauramanta.  It  waa  nacaaaary  to  poat«accalarata  tha 
aacondary  elactrona  to  an  energy  of  300  aV  in  order  to  prevent 
charging  of  tha  fluoraacant  acraan. 

In  tha  dlacuaalon  of  raaulta  on  electron  diffraction 
(Sac.  2.2.2),  it  waa  anggaatad  that  tha  aodium  ovarlayar  dif¬ 
fuaad  into  tha  cryatal  upm  low  tamparatura  haatlng.  Thla 
conjecture  ia  conaiatant  with  obaarvationa  on  aacondary  alac- 
trmi  aaiiaalon,  tha  raaulta  of  idiioh  are  llluatratad  in  Pig.  13. 


made. 
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Currc  1  wat  takan  on  tha  ribbon  cryatal  aftar  tuba  procaaalng, 
but  bafora  cryatal  cleaning*  Curva  2  was  takan  aftar  tha  alac- 
tron  diffraction  atudlaa  daacrlbed  In  Sec.  2. 2. 2. had  bean 
carried  out.  The  cryatal  had,  at  thla  atage,  been  "contaminated" 
with  aodlum  by  aeveral  aodlum  dapoaltlona  and  aubaequent  heating 
treatment  a.  Tha  dramatic  Change  In  3riald  curve  auggeata  a  re¬ 
markable  change  In  the  characteriatlca  of  the  aample. 

According  to  Johnaon  and  MCKay  (ref.  30),  the  yield  of 
germanium  la  IndeMndent  of  donor  and  acceptor  concentration  a 
up  to  10l-9  p«r  cm^.  It  vaa  eatlmatad  that  about  10^5  Na  atoma 
per  cm2  had  been  depoalted  on  the  cryatal  at  thla  atage.  A 
doping  concentration  of  greater  than  lOl?  par  would  require 
that  the  aodlum  be  concentrated  within  10,000  a  from  the  aurface. 
An  argon  aputterlng  treatment  which  removed  an  eatlmated  1000  a 
produced  no  apparent  change  In  the  srleld  curve  indicating  that 
either  the  aample  had  concentratlcma  of  aodlum  greater  than 
10l>9  per  cm^  even  after  thla  treatment  or  that  Johnaon  and  McKay 
(ref.  30)  did  not  obaerve  the  effect  of  doping  becauae  of  aurface 
contamination.  The  latter  auggeation  la  believed  reaaonable  be¬ 
cauae  the  aamplea  uaed  were  cleaned  only  by  heating  which  doea 
not  produce  an  atoailcally  clean  aurface.  Further  Inveatlgatlona 
on  the  effect  of  more  aevere  argm  aputterlng  treatmenta  and 
prolonged  high  temperature  heating  may  clarify  thla  point. 

The  effect  of  aodlum  overlayera  on  the  aecondary  emlaalon 
yield  waa  obaerved  on  the  ingot  aample  whldi  had  not  been  con¬ 
taminated  with  aodlum.  A  aequence  of  15  experimental  runa 
conalatlng  of  aodlum  depoaltlon,  work  function  meaaurement,  and 
aecondary  yield  meaaurementa  were  made  covering  the  range  from 
a  clean  aurface  to  maxlmnm  work  function  reduction.  The  reaulta 
of  theae  experlmenta  are  llluatrated  In  Fig.  14  where  aeveral 
yield  curvea  are  plotted  at  varloua  overlayer  coveragea.  In¬ 
termediate  curvea  are  not  plotted.  Curve  1  correaponda  to  the 
clean  aurface.  Curve  6  waa  taken  after  the  fifth  aodlum  depoal¬ 
tlon,  etc.  The  work  function,  total  aodlum  depoaltlon  time, 
and  maxlmnm  yield  correapondlng  to  each  yield  curve  are  tabulated 
In  Table  V.  The  maxlanmi  yield  Increaaed  by  a  factor  greater 
than  4  while  the  primary  energy  at  which  the  maxlnum  yield  oc¬ 
curred  Increaaed  from  approxlutely  600  eV  on  the  clean  cryatal 
to  about  2  keV  after  optimum  coverage  cf  aodlum.  After  the 
minimum  work  function  had  been  adtieved,  further  depoaltlon  of 
aodlum  reaulted  In  a  decreaaed  yield  llluatrated  by  Curve  15, 

Fig.  14. 

The  magnitude  of  the  yield  enhancement  la  approximately 
the  aame  aa  obaerved  by  Borxiak  and  Sarbel  (ref.  31)  for 
evaporated  germanium  f  lima  with  BaO  overlayera.  However,  they 
obaerved  that  the  maximum  yield  occurred  at  a  BaO  coverage 
correapon^ng  to  a  work  function  value  of  3.0  eV  even  though  a 
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Tabl*  V 


Raiulta  Obtained  During  Tlald  ▼«.  Sodium 
Covaraga  Exparlmanta 


rve 

Work 

Function 

Depoaltlon 
(Time  (ailn.) 

Max.  Yield 

1 

i|.79 

0 

1.29 

2 

i|.68 

7.5 

1.36 

3 

i|.ii8 

22 

1.49 

l* 

i|.21 

37 

1.72 

5 

4.03 

50 

1.88 

6 

3.76 

90 

2.17 

7 

3.62 

120 

2.69 

8 

3.38 

165 

3.29 

9 

3.01 

225 

3.91 

10 

2.88 

285 

4.62 

11 

2.71 

375 

5.05 

12 

2.45 

465 

5.42 

13 

2.33 

555 

5.63 

m 

2.31 

645 

5.86 

15 

2.31 

635 

5.61 

minimum  vork  function  of  1,9  eV  could  ba  achlavad  at  optimum 
coreraga.  Thla  la  coaqwrad  to  a  maximum  yield  occurring  at 
about  2*3  aV  for  a odium- covered  germanium,  Thla  dlacrapancy 
may  ba  due  to  one  or  auire  of  aoTaral  poaalbla  factora,  Flrat, 
Borzlak  and  Sarbel  uaed  evaporated  germanium  whereaa  a  alngle 
czyatal  waa  uaed  In  the  preaent  experiment.  Secondly,  theae 
workera  had  no  direct  meana  of  meaauring  the  work  function  but 
Inferred  it  from  earlier  photoemlaaion  atudlea.  A  third  poa- 
alblllty  which  la  not  believed  likely  la  that  the  overlayer  haa 
a  direct  effect  aa  well  aa  an  Indirect  effect  (electron  affinity 
reduction)  on  the  yield  which  would  cauae  the  yield  to  be 
aenaitlve  to  the  type  of  overlayer. 

The  low  energy  enda  of  the  yield  curvea  are  expanded  in 
Fig.  15.  Structure  in  theae  curvea  la  aeen  at  primary  energiea 
of  about  9  eV  and  23  eV  which  ia  obvloualy  related  to  the  re¬ 
flection  coefficient  (the  curve  of  vdildi  la  ahown  in  the  aame 
figure)  and  ia  not  characterlatic  of  the  *'true'*  aecondary  yield. 
Reflection  meaaurementa  were  made  by  holding  the  two  aphcrical 
grida  3  volta  above  electron  gun  filament  potential  ao  that 
mily  thoae  electrona  loaing  leaa  than  3  eV  energy  upon  inter¬ 
action  with  the  cryatal  are  meaaured.  The  atmeture  obaerved 
in  the  reflection  coefficient  la  aimllar  to  obaervationa  by 
Shul'man  and  Ganichev  (ref.  33). 
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Tb«  diange  of  oecondory  omltfion  yield  by  work  function 
reduction  ie  clearly  demonatrated  by  the  cunrea  in  Figa.  16,  17 
which  are  aead-logarithadc  plot  a  of  sdeld  wa.  work  function  for 
aeveral  waluea  of  priauiry  energy.  The  yield  appeara  to  be  an 
exponential  function  of  the  work  function  over  woat  of  the  range 
BMaaured.  However,  a  break  ia  obaerved  in  the  curvea  at  a  work 
function  value  near  ^  eV.  Obaervation  of  Fig.  18.  which  ia  a 
plot  of  work  function  va.  coverage  (evaporation  tine)  strongly 
anggeata  that  the  flrat  break  in  thla  curve  la  related  to  the 
break  in  the  3rield  va.  work  function  curvea.  The  origin  of  the 
break  in  theae  aeni-logarithmlc  plota  way  be  related  to  changes 
in  the  internal  field  caused  by  deposition  of  sodlun.  The  fol¬ 
lowing  suggests  a  possible  explanation  for  the  break  in  tema 
of  band  bending  at  the  surface  during  the  Initial  stages  of 
evaporation. 

Studies  of  work  function  (ref.  25),  surface  recombination 
velocity  (ref.  11),  and  field  effect  (ref.  32)  all  indicate  that 
a  clean  germanium  surface  is  p-type  and  that  it  may  even  be  de¬ 
generate  (ref.  32).  Thla  means  that  the  valence  band  is  nearly 
coincident  with  the  Fermi-level  at  the  surface  as  illustrated 
in  Fig.  19(a).  The  valence  band  is  essentially  "pinned**  at  the 
Fenal  level  over  a  wide  range  of  doping  concentrations  because 
of  acceptor  type  surface  states  (ref.  25). 

Experiments  on  silicon  in  this  laboratory  (ref.  6)  and 
elsewhere  (ref.  34)  suggest  that  the  initial  effect  of  alkali 
metal  overlayer  deposition  ia  to  **bend"  the  energy  bands  down 
at  the  surface  until  the  bottom  of  the  conduction  band  is  co¬ 
incident  with  the  Fermi  level  at  the  surface  (Fig.  19(b)).  As 
illustrated  in  Fig.  19(a),  the  work  function.  4>t  is  the  sum  of 
the  electron  affinity,  %  .  and  the  distance  in  mergy  between 
the  bottom  of  the  conduction  band  and  the  Fermi  level  at  the 
surface,  (y .  Now  it  is  possible  that  initial  deposition  of 
sodium  results  in  a  very  rapid  change  in  CT  while  x  not 

chaise  appreciably.  Thus  the  work  function  is  reduced  by  about 
.5  ev  more  than  la  the  electron  affinity  during  this  period  of 
evaporation.  It  is  this  effect  which  is  the  basis  of  the 
proposed  model. 

The  Internal  field  is  not  effective  in  enhancing  the  yield 
providing  that  the  distance  over  which  the  field  extends  is  long 
compared  with  the  mean  escape  depth  of  secondary  electrons. 

TUs  is  believed  to  be  the  case  in  germanium  where  the  mean 
escape  depth  correspon^ng  to  500  cV  primary  electrons  is  sug- 

fested  to  be  about  SO  a  (ref.  30)  while  the  internal  field  depth 
or  near  intrinsic  material  is  about  1000  a  (ref.  35  and  ref.  6, 

S.  37).  The  amount  of  sodium  required  to  produce  the  first 
reek  in  the  work  function  vs.  overlayer  coverage  curve  is  about 
0.1  monola3rer  according  to  experiments  done  in  this  laboratory 
(Sec.  2.2.1).  Thus  it  is  only  the  dipole  layer  associated  with 
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this  initial  layer  that  la  effactivc  in  reducing  the  electron 
affinity,  and  conaequently  in  enhancing  the  srield,  uhareaa  both 
the  dipole  layer  and  the  changing  internal  field  cmtrlbote  to 
work  function  reduction.  Once  the  anumnt  of  eodiuai  required  to 
bend  tiie  conduction  band  down  to  the  Fermi  level  at  the  aurface 
haa  been  depoalted,  further  depoaition  reaulta  in  decreaaing  the 
work  function  and  electron  affinity  by  the  same  amount.  Since 
it  is  the  electron  affinity  reduction  that  effects  the  irield, 
it  is  only  the  range  of  coverage  above  the  break  that  should  be 
considered  in  fitting  a  theory  to  a  curve  of  yield  vs.  electron 
affinity.  If  the  3rield  depends  exponentially  on  the  electron 
affinity,  it  is  interesting  to  extend  the  straight  line  fit  on 
the  semi-log  plots  (Figs.  16,17)  to  work  function  values  higher 
than  the  break  as  shown.  According  to  the  above  discussion,  the 
energy  difference  between  the  extended  dashed  line  and  the  solid 
line  is  a  direct  measure  of  .  In  particular,  this  difference 
corresponding  to  no  sodium  coverage  should  indicate  the  value  of 
<r  for  clean  germanium.  These  observed  values  (Figs.  16  and  17) 
appear  to  be  reasonable,  i.e. ,  they  are  approximately  equal  to 
the  energy  gap.  A  similar  argument  can  be  made  for  extending 
the  straight  line  fit  between  the  first  and  aecond  break  of 
Fig.  18.  The  result  of  this  extension  indicates  a  value  of 
.42  eV  for  ^  on  clean  germanium. 

Energy  dlatributions  of  the  secondary  electrons  were  also 
measured  in  the  electron  diffraction  diamber  using  the  retarding 
field  method.  The  circuit  used  for  these  measurements  is  shown 
schematically  in  Fig.  20.  The  retarding  voltage  was  applied  to 
the  two  spherical  grids  while  the  fluorescent  screen  was  used 
to  collect  the  secondary  electrons  having  sufficient  energy  to 
penetrate  the  grids.  A  300  volt  bias  was  used  to  post-accelerate 
transmitted  electrons  to  the  screen  in  order  to  prevent  diarging 
of  tlte  screen.  The  particular  grounding  schesm  was  chosen  to 
minimize  capacitive  current  to  the  collector  when  the  ac  method 
described  below  was  employed. 

A  small  ac  signal  of  about  .5  volts  was  generated  by  a 
model  200  CD  Hewlett  Packard  oscillator.  The  resulting  ac  col¬ 
lector  current  was  detected  by  a  Type  1231-B  General  Radio 
Aaq>llfler  idildi  was  tuned  to  the  oscillator  frequoicy.  The  low 
energy  end  of  the  energy  spectrum  was  scanned  with  the  switch 
S  (Fig.  20)  in  position  2  while  the  high  energy  end  was  scanned 
with  the  switch  in  position  1.  The  variable  dc  voltage  was 
produced  by  a  motor  driven  helipot  source.  Energy  distribution 
curves  were  traced  by  feeding  the  variable  retarding  dc  voltage 
and  the  output  of  the  amplifier  into  a  Model  HR92  Houston 
Instrument  X-T  recorder. 

Results  of  the  energy  distribution  measurmaents  on  the 
cleaned  ribbon  cryatal  are  shown  in  Fig.  21  idiere  the  energy 
scale  is  broken  to  allow  the  high  energy  peaks  and  the  slow  peak 


to  bo  ohoim  on  tho  oobo  graph.  Tho  rortlcal  acalo  la  arbitrary 
and  dlffaront  for  tho  two  energy  reglone.  A  characterlatlc 
energy  loae  of  about  17  eV  le  obserwed  which  la  Interpreted  aa 
a  plaana  excltatlcm.  Thla  la  near  the  walue  of  15.8  eV  detenalned 
from  the  claaalcal  plaana  frequency  formula 

..2  kit  Ne^ 

a  »  _ 


where  N  la  taken  aa  the  number  of  valence  electrona  per  cc. 

Thla  value  la  alao  In  cloae  agreement  wlbh  other  experlmenta  on 
tranamltted  electrona  (ref.  36)  and  back-acattered  electrona 
(ref.  33).  A  auggeatlon  of  another  characterlatlc  energy  loaa 
about  10  eV  la  aeen  In  Curve  3.  Thla  may  be  related  to  a 
characterlatlc  loaa  of  9  eV  reported  by  Shul'man  and  Ganli^ev 
(ref.  33), 

The  width  of  the  alow  peak  In  the  energy  dlatrlbutlon 
curvea  (Fig.  21)  la  aeen  to  decreaae  with  Increaalng  primary 
electron  energy.  Thla  auggeata  that  electron  affinity  reduc¬ 
tion  ahould  have  a  greater  effect  In  enhancing  the  yield  at 
high  primary  energlea.  Thla  la  Indeed  the  caae  aa  ahown  In 
Flga.  16  and  17. 

The  aecondary  electron  energy  dlatrlbutlon  haa  not  been 
obaerved  aa  a  function  of  aodlum  overlayer  coverage  to  date  be- 
cauae  of  lack  of  time  and  a  dealre  for  better  Inatruamntation. 
The  General  Radio  Amplifier  haa  recently  been  replaced  by  a 
Model  RJB  Electronlca,  Miaallea,  and  Coaamnlcatlona  Lock-In 
Amplifier.  Thla  Inatrument  la  phaae-aenaitlve  ao  that  it  dla- 
crlmlnatea  agalnat  capacitive  currenta  and  allowa  a  higher 
algnal  frequency  to  be  uaed.  A  lower  nolae  level  and  overall 
greater  aenaltlvlty  are  then  obtained.  It  la  hoped  that  energy 
dlatrlbutlon  ctirvea  In  the  primary  energy  range  leaa  than  100  eV 
may  now  be  obaerved. 

2,2,k  Field- Emlaal on  Mlcroacopy 

A  atudy  of  the  aurface  propertlea  of  Ge  ualng  the  fleld- 
emiaalon  microacope  (ref.  37)  (henceforth  dealgnated  FSf)  waa 
Initiated  thla  period  in  order  to  complement  the  photoemlaalon 
and  work  function  atudlea.  The  ayatem  Na:Ge  la  of  particular 
Intereat  becauae  of  the  concurrent  atudlea  of  the  effect  of  Ha 
overlayera  on  the  photoelectric  threahold  and  work  function  of 
Ge,  From  the  propoaed  atudlea  on  thla  ayatem,  Independent  work 
function  data  may  be  obtained  aa  well  aa  Information  concerning 
the  nature  and  ma^ltude  of  the  binding  between  the  Ha  adaorbate 
and  the  Ge  aubatrate.  In  addition,  It  la  hoped  that  the  relation 
between  the  binding  energy  and  the  work  function  will  be  better 
underat ood. 


Very  little  work  hae  been  published  In  which  Oe  surfaces 
have  been  studied  with  fleld-eislssion  microscopy.  Allen  (ref.  38) 
has  studied  field-emission  patterns  of  field-desorption  cleaned 
6e  emitter  tips  before  and  after  thermal  annealing.  Arthur 
(ref.  39)  has  cleaned  and  sharpened  Oe  emitter  tips  by  a  combi¬ 
nation  oxygen  etch-field  desorption  technique.  Other  studies 
(refs.  40  and  41)  of  field  esiisalon  from  Ge  have  been  reported 
in  '(dilch  the  cleanliness  of  the  surface  was  not  established. 

Description  of  the  Microscopes 

The  field-emission  microscope  (FEM)  shown  in  Fig.  22  was 
constructed  for  the  preliminary  work.  Fine  wlllemite  powder 
was  settled  out  of  solution  to  form  the  phosphor  screen  and  an 
aquadag  anode  ring  was  applied  to  the  inner  walls  of  the  tube. 

The  platinum  contacts  to  the  anode  ring  are  described  below. 

This  tube  was  operated  with  a  tungsten  emitter  in  a  background 
pressure  of  10"^  Torr  obtained  after  the  usual  vacuum  processing. 
At  the  current  densities  required  for  a  bright  image,  pressure 
bursts  exceeding  10**^  Torr  occurred  due  to  electron  bombardment 
of  the  willeoalte  screen.  It  is  believed  that  the  pressure 
bursts  were  due  to  gas  desorption  rather  than  to  dissociation 
of  the  phosphor.  However,  extended  baking  of  the  system  only 
slightly  reduced  the  effect.  This  screen  is  obviously  not  suited 
for  the  proposed  studies  due  to  the  high  pressures  resulting 
from  its  use. 

Recent  work  in  this  laboratory  in  which  phosphor  screens 
have  been  employed  has  raised  further  objections  to  the  use  of 
binder-free,  wlllemite  powder  screens  in  high  vacuum  structures. 
Small  particles  of  phosphor  have  been  observed  in  remote  regions 
of  the  vacuum  tube  where  they  have  migrated  after  smny  hours  of 
operation.  In  one  case  this  resulted  in  contamination  of  a 
surface  being  studied.  (Also,  phosphor  particles  were  detected 
in  the  sputter  pump  where  they  were  excited  by  the  glow  discharge.) 
Two  possible  solutions  to  this  problem  were  apparent.  The  first 
would  be  to  use  a  binder  to  give  better  adhesion  between  the 
Pyrex  substrate  and  the  i^osphor  powder  and  possibly  between  the 
phosphor  particles  themselves.  Alternatively,  one  could  abandon 
the  powder  systems  in  favor  of  evaporated  thin-fllm  phosphor 
screens  idilch  form  an  intimate  bond  with  the  Pyrex  substrate. 
Because  of  the  Inherent  advantages  of  thin-fllm  phosphor  screens 
the  latter  approach  was  the  first  to  be  pursued.  Due  to  dif¬ 
ficulties  in  preparing  a  sufficiently  large  screen  by  this  method, 
however,  the  first  approach  has  been  resorted  to  for  an  Inmiedlate 
solutlcm  to  the  iprobiem. 

Among  the  advantages  of  thin-fllm  phos{Aior  screens  over 
the  powder  i^osphor  screens  aret  (1)  better  image  definition 
and  resolution,  (2)  less  surface  area  for  adsorption  of  gases, 

(3)  ability  to  withstand  higher  current  densities  without 


danger  of  phoiphor  **burn**,  and  (4)  nagllgible  tandaney  for 
phoaphor  partlclaa  to  algrata  and  bacona  a  aourca  of  eontaad- 
natlon*  Tha  laat  two  ara  a  dlract  conaaquanca  of  tha  intiaata 
binding  batwaan  tha  f^oaphor  and  tha  anbatrata.  Tha  chlaf  dla- 
adyantagaa  ara  tiia  aonaidiat  radnead  Iminaacant  afflelancy  of 
Boat  thin-fllm  phoaphor  acraana  and  tha  greatar  difficulty  in 
praparatlon. 

Thin-fllm  phoaphora  hava  baan  formad  by  a  varlaty  of 
tachniquaa  including  dlract  avaporatlon  of  the  phoaphor  (ref.  42). 
▼apor  j^aaa  raactlona  (raf.  43)  and  reaction  of  tha  aubatrate 
with  an  awaporatad  condanaata  (raf.  44).  A  modification  of 
the  latter  technique  haa  bean  anployad  to  prepare  thin-fllB 
wllleBlte  acraana  in  thla  laboratory.  Zinc  fluoride  powder 
containing  about  10  Bu>la  percent  aanganeae  aa  an  actiwator  ia. 
awaporatad  from  a  platinum  crucible  and  condanaad  onto  a  Psrrax 
aubatrate  at  room  temperature.  The  aubatrate  ia  than  heated 
in  air  at  650*0  for  one  hour.  Tha  reaction  la  aaaumed  to 
proceed  a a 


2  ZnFjdta  +  2  SiOj 


ZnjSiOij  :Mn  +  SiF^  f  . 


Small  phoaphor  acraana  ranging  in  area  up  to  24  cm^  and  in 
thlcknaaa  up  to  2  mlcrona  ware  readily  made  by  thla  method. 

The  attempt  a  to  make  larger  acraana  aultable  for  uae  in  a  FEM 
or  in  an  electron  diffraction  chamber  have  ao  far  been  thwarted 
by  peeling  of  the  film  or  other  blemlahea  in  the  acreen. 

Phoaphor  acreena  idiich  are  atable  in  high  vacuum  may  be 
prepared  (ref.  45)  uaing  finely  ground  phoaphor  powder  and  a 
phoaj^orlc  acid  binder.  The  Psn^ex  aubatrate  ia  firat  coated 
^th  a  tranaparent  conducting  layer  (ref.  46)  by  reacting  tile 
aubatrate  at  ^  500*0  with  tte  fumea  obtained  over  molten 
Sn0l2.  The  adherence  of  the  acreen  ia  greatly  enhanced  by  thia 
conducting  layer.  Theae  teefaniquea  are  deacribed  in  the  two 
referencea  cited.  The  phoai^orlc  acid  technique  waa  uaed  to 
depoait  a  i^ioaphor  acreen  in  FEU  2  ahown  in  Fig.  23.  The  phoa¬ 
phor  la  Sylvania'a  T3rpe  131  ailver-acti voted  zinc  aulphide. 

Thla  powder  la  very  fine  and  requlrea  no  additional  grinding. 
External  contact  to  the  conductive  coating  in  thla  adcroacope 
ia  made  by  two  thin  platinum  rlbbona  each  connecting  to  a  one- 
lead  preaa.  nie  under aide  of  the  ribbon  ia  embedded  in  the 
Pyrex  envelope  and  the  top  aide  makea  contact  with  the  conducting 
coating  idkich  ia  applied  after  the  ribbon  la  in  place.  The 
realatance  between  the  Pt  contacta  waa  about  50.000  ohma  until 
one  of  the  contacta  came  open  during  application  of  the  phoa¬ 
phor  acreen.  (Fortunately,  only  one  contact  ia  required  for 


operation  of  the  Bleroacopa*)  No  datarioratlon  of  the  ■aohanl- 
cal  connection  at  the  open  contact  waa  obaerred.  Althea^  the 
conductive  coating  itaelf  ia  very  rugged,  apparently  the  elec¬ 
trical  junction  between  the  Pt  ribbon  and  the  conductive  coating 
ia  aubject  to  failure.  In  apite  of  thia,  it  la  believed  that 
the  aimpllclty  and  dependability  of  thla  contact  make  it  auperlor 
to  othera  uaed  elaewhere  (ref.  45). 

The  field  emitting  point  la  mounted  on  a  vertical  preaa 
aa  ahown  in  Fig.  23.  Cooling  of  the  point  may  be  accompllahed 
by  filling  the  preaa  with  liquid  nitrogen.  An  aluadnoallicate 
Na  ion  aource  (Sec.  2.1.3)  will  be  mounted  on  the  two-lead  preaa 
ahown  at  the  bottom  of  the  adcroacope  for  atudlea  of  Na  over- 
layers  on  6e  field-emlaaion  cathodes. 

The  Fleld-Baiaaion  Cathodes 

A  tungsten  emitter  was  employed  in  FEM  1  to  check  tube 
geoeietry,  fluorescent  screen  brightness,  operating  conditions, 
etc.  The  tungsten  emitter  may  also  be  a  useful  reference  cathode 
for  the  Na  adsorption  studies  to  be  performed  with  genunlum 
emitters.  The  cathode  assembly  ia  essentially  that  employed  by 
Dyke  and  hla  co-workera  (ref.  47).  A  hairpin  filament  ia  formed 
from  20-mil  tungsten  wire  to  which  a  uranium  glass  bead  is  added 
for  mechanical  rigidity.  The  maitter  blank,  a  5-mil  diameter 
tungsten  wire,  is  spot-welded  to  the  apex  of  the  filament  which 
has  been  previously  reduced  to  5-mils  in  diameter  by  an  electro¬ 
lytic  etch  in  NaOH.  The  emitter  point  was  formed  by  a  dc  elec- 
trol3rtlc  etch  in  1.5  Nomal  NaOH  with  the  tungsten  positive  with 
respect  to  a  second,  copper  electrode.  Preferential  etching 
occurs  at  the  electrol3rte  surface  until  the  submerged  portion 
drops  off  leaving  a  sharp  point  attached  to  the  filament.  An 
electronic  circuit  (after  the  Linfield  Group) (ref.  48)  was  used 
to  terminate  the  cell  current  after  drop-off  in  order  to  prevent 
dulling  of  the  point  by  continued  etching. 

The  initial  Ge  emitter  blanks  are  shown  in  Fig.  24a 
(designated  type  a).  They  consist  of  long,  thin  single  crystals 
about  20-mila  square  in  cross  section  and  about  1.5  cm  in  length. 
The  blanks  are  Nl  plated  in  order  to  swke  electrical  contact  to 
the  support  filaments.  A  sandblasting  technique  (ref,  49)  is 
then  used  to  cut  one  end  down  to  a  cylinder  from  5  to  S-mlla  in 
diasieter.  Greater  control  of  the  etching  process  is  achieved 
with  the  smaller  diameters  so  obtained.  A  10-mil  Nl  support 
wire  is  next  strapped  to  the  large  end  of  each  blank  by  a  wrap¬ 
ping  of  fine  Nl  wire.  After  the  point  la  etched,  the  support 
wire  is  spot-welded  to  the  apex  of  a  tungsten  hairpin  filament 
identical  to  that  used  for  the  W  emitters, 

A  superior  design  for  a  Ge  emitter  blank  is  shown  in 
Fig.  24b  (designated  type  b).  In  this  structure,  the  Ge  forma 
its  own  heating  loop  and  the  emitter  point  is  formed  at  a 


dlatancc  of  only  1  ■>  or  ao  froB  tha  loop.  Thla  raaulta  in 
batter  tanparatora  control  of  tha  point  than  with  tha  emitter 
shown  in  Fig.  24a.  Tha  t3rpa  b  emitter  atructnre  is  similar  to 
that  employed  by  D'Asaro  (ref.  50)  who  studied  Si  emitters  in 
the  FQ4.  However,  the  eieitter  used  here  has  been  miniaturized 
so  that  it  may  be  accommodated  in  a  commercial  electron  micro¬ 
scope  for  purposes  of  determining  the  geosietry  of  the  emitter 
point.  As  pointed  out  by  Dyke  (ref.  47) ,  the  emitter  geometry 
must  be  known  if  accurate  determinations  of  the  work  function  ^ 
are  to  be  made  for  the  various  regions  of  the  emitter  surfaM. 
The  current  density  J  depends  exponentially  on  the  ratio 
idiere  F  is  the  electric  field  at  the  emitter  surface.  The  vari¬ 
ations  in  F  can  be  calculated  from  a  knowledge  of  the  emitter 
geometry  and  the  work  function  distribution  then  calculated  from 
the  observed  distribution  of  the  current  density.  The  type  b 
emitter  is  cut  from  20-Bil  thick  6e  wafers  using  a  Raytheon 
Model  2-334  Ultrasonic  Impact  Grinder.  The  limitation  on  the 
size  of  the  emitter  blank  imposed  by  the  electron  microscope  is 
rather  severe  and  fabrication  problems  have  been  experienced. 
These  problems  are  now  nearly  solved,  however. 

T3rpe  a  emitters  are  being  used  temporarily  until  greater 
reliability  is  achieved  with  the  etching  process  by  which  the 
field  emitting  points  are  formed.  Type  a  emitter  blanks  are 
relatively  easy  to  produce,  require  less  Ge  and  are  considerably 
leas  fragile  than  type  b. 

Ge  emitter  points  have  been  formed  by  a  dc  etch  in  CP-4 
electrol3rte  in  which  the  emitter  is  held  positive  with  respect 
to  a  second  electrode  of  Ft  wire.  From  10-20  volts  is  applied 
to  the  cell.  The  electrolyte  is  cooled  to  about  -13 *C  with  a 
bath  of  alcohol  and  ice.  As  with  the  W  emitters,  preferential 
etching  produces  a  sharp  point  at  the  electrolyte  surface  and 
the  etch  must  be  terminated  immediately  after  drop-off  in  order 
to  prevent  dulling  of  the  point.  The  circuit  used  to  terminate 
the  W  etch  has  been  quite  erratic  and  unreliable  for  etching  Ge 
points,  due  to  lack  of  sensitivity.  A  new  circuit  has  been  de¬ 
signed  with  which  it  is  hoped  to  obtain  points  with  greater 
reliability.  Two  of  the  Ge  points  etched  using  the  original 
circuit  were  found  to  be  suitable  for  use  in  the  FEM.  Both  of 
these  have  been  lost  by  dulling  after  only  very  preliminary 
studies  in  the  FEM,  however. 

Patterns  were  observed  from  two  different  tungsten  emit¬ 
ters  in  FEM  1.  The  patterns  from  the  emitter  before  cleaning 
were  similar  to  those  reported  by  Becker  (ref.  51)  and  others 
and  are  believed  to  be  doe  to  individual  molecules  weakly  ad¬ 
sorbed  on  a  layer  of  strongly  adsorbed  gas.  Heating  the  emit¬ 
ters  to  about  1000 *K  resulted  in  the  disappearance  of  these 
Images  and  the  appearance  of  a  pattern  which  exhibits  the 
crystal  structure  of  the  tungsten  emitters.  The  latter  patterns 
have  been  reported  by  a  ntnaber  of  workers  (ref.  45,  p.  34). 
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P«tt«nia  w«r«  eba«rr*d  frea  th«  0«  aadttara  with  tha 
aarfaoaa: 1b  tha  original  eontaalnatad  atata.  Typically,  about 
0.3  pA  aailaalon  currant  waa  obtalnad  at  4  kV.  Thaaa  wara  alal- 
lar  to  tha  pattama  obtalnad  froa  tha  V  aalttara  bafora  claanlng. 
Attaapta  to  claan  tha  aalttara  hawa  not  boon  anccaaafnl  aa  yat. 
Bacanaa  of  Ita  low  waiting  point.  It  la  donbtfnl  that  Go  tlpa 
can  ba  claanad  by  tharaal  daaorptlon  alone  (raf.  38).  Bowawar, 

6a  aurfacaa  cleaned  by  other  tachnlqnaa  and  later  expoaad  to 
oxygen  have  bean  reclaaned  by  heating  alone* 

The  aoat  proalalng  aathod  of  claanlng  6a  tlpa  la  probably 
by  field  daaorptlon  In  Which  a  high  raTorae  field  la  naad  to 
atrip  off  tha  contaadnatad  anrfaca  layara.  Mffllar  (raf.  52)  and 
othara  hava  aaployad  thla  aathod  to  clean  caltter  tlpa  which 
cannot  ba  cleaned  by  heating*  Arthur  (raf*  39)  claanad  and 
sharpened  6a  tlpa  by  a  vapor  etch  In  oxygen  at  low  prasaure  fol¬ 
lowed  by  field  daaorptlon  of  tha  raaalnlng  oxide*  Ha  obtained 
field  Ion  laagea  (raf*  53)  of  tha  anrfaca  during  claanlng  by 
cooling  tha  tip  to  77 "K  in  tha  preaence  of  ^  10"^  Torr  of  hy¬ 
drogen*  In  addition  to  acting  aa  tha  laaga-f oradng  apaciea.  tha 
hydrogen  aarvea  to  reduce  tha  field  at  which  field  evaporation 
occurs* 

An  attempt  waa  made  to  claan  a  6a  emitter  by  the  oxygen 
atch-flald  daaorptlon  method  naad  by  Arthur*  No  provision  was 
made  for  observing  field  Ion  Images  of  the  tip,  however*  A 
commercial  allver-tube  oxygen-leak  was  mounted  on  FOi  2  for 
oxygen  admission  and  a  Sc^ulx-Ihelps  high-pressure  Ion  gauge 
(ref*  10)  was  added  to  measure  the  oxygen  pressure*  To  prevent 
oxidation  of  parts,  the  latter  made  use  of  a  thorlated-irldlum 
filament  and  platlnna  collector  plates. 

Oxygen  etching  of  the  6e  tips  was  effected  at  pressures 
of  0*1  to  1*0  microns  of  O2  and  at  temperatures  <,  600 *C*  The 
oxygen  was  then  pumped  from  the  system.  Field  desorption  was 
atteaqited  by  applying  a  high  reverse  bias  (eadtter  positive) 
for  periods  of  10-  120  see  with  the  tip  at  room  temperature  and 
then  observing  the  electron  emission  pattern*  At  the  highest 
desorption  fields  employed  (27  kV),  protuslons  on  the  aaitter 
tip  were  removed  but  It  was  not  possible  to  remove  the  entire 
adsorbed  film.  Spurious  emission  occasionally  limited  the  de¬ 
sorption  fields  to  sBwller  values* 

The  pressure  In  the  tube  during  the  field  deswptlon  ex- 
perlaanta  waa  In  the  range  from  5  x  10*5  to  1  x  10“®  Torr*  Leak 
checks  at  first  failed  to  disclose  the  cause  of  the  poor  vacuum 
conditions*  The  allver-tube  oxygen-leak  waa  subsequently  re¬ 
moved  from  the  system  and  chmeked  thoroughly  with  Veeco  a  MS  9 
hellam-aenaltlve  aaas  apectronater  leak  detector*  Thla  test 
revealed  a  small  leak  and  the  silver  tube  waa  discarded*  It 
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will  be  replaced  with  a  Oranvllle  Fhllllpa  Type  C  hlgh-vacunn 
valwe  for  futore  work, 

2.3  Studlea  of  the  Compound  Na^Sb 


2.3,1  Studlea  of  Na^Sb  Fllma 

Experimental  Arrangement 

Experlmenta  with  Na^Sb  thin  fllma  during  the  prerLoua 
period  (ref.  6,  p.  35)  Indicated  a  need  for  an  eaally  controlled, 
uniform,  and  aieaaurabie  evaporation  rate  from  a  pore  and  adequate 
aupply  of  both  Na  and  Sb.  During  thla  period,  a  ayatem  waa  com¬ 
pleted  that  Incorporated  an  evaporation  method  idilch  It  waa 
hoped  would  meet  theae  requirement  a;  thla  ayatem  la  deacrlbed  In 
a  prevlooa  report  (ref.  6,  p.  35).  Evaporation  onto  an  Inter- 
Biedlate  Nl  heater  block  and  aubaequent  re- evaporation  at  a 
controlled,  uniform  temperature  waa  the  eaaentlal  feature  of  thla 
ayatem. 

The  Sb  aource  conalated  of  a  piece  of  Sb  of  the  order  of 
.5  cc  In  volume,  altuated  in  a  conical  heater  baaket  made  of  Ta 
wire.  However,  It  waa  found  upon  evaporation  of  the  Sb,  that 
thla  aource  arrangement  waa  not  aufflclently  directive,  reaultlng 
In  an  Inadequate  depoalt  of  Sb  on  the  heater  block. 

The  Na  aource  waa  a  vacuum  break-ln  ampoule  Into  which  Na 
had  prevloualy  been  vacuum  dlatllled  by  a  laethod  aimllar  to  that 
ahown  In  ref.  5,  Fig.  11.  It  waa  found  that  In  order  to  obtain 
an  appreciable  depoalt  on  the  heater  block,  exceaalvely  high 
temperaturea  were  neceaaary,  reaultlng  In  a  high  degree  of  Na 
reaction  with  the  Pyrex  ampoule.  It  appeared  that  the  heater 
block  did  not  have  enough  Na  to  depoalt  a  film  of  any  appreci¬ 
able  thlckneaa  upon  re-evaporatlon.  However,  before  it  waa 
poaalble  to  attempt  an  evaporation  from  the  heater  block,  a  con- 
alderable  leak  developed  in  the  Na  ampoule  at  the  point  of  vacuum 
aeal-off.  Thla  of  courae  cauaed  the  Na  to  react,  ruining  the 
experiment . 

Since  the  experiment  waa  never  completed,  the  two-atep 
evaporation  Mthod  waa  not  actually  proven  to  be  unuaable.  How¬ 
ever,  It  l^d  become  apparent  that  there  were  rather  baalc  dlf- 
flcnltlea  with  the  method  idilch  could  not  be  eaally  corrected, 
ao  the  experiment  waa  not  repeated.  Inatead,  attention  waa 
directed  to  the  development  of  a  new  ayatem  baaed  on  the  following 
recommendatlona  reaultlng  from  the  experiment.  1.  In  any  aub¬ 
aequent  experiment  It  would  be  dealrable  to  evaporate  Na  from  a 
container  which  la  more  reaiatant  to  Na  attack  than  Pyrex. 

2.  The  proceaa  of  two  evaporatlona,  while  providing  good  control, 
requlrea  mnch  too  large  a  aupply  of  evaporanta;  thua  a  alngle 
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•▼aporation  would  ba  prafarabla.  3.  In  addition  to  tha  raqulra- 
mant  of  an  aaally  controllad  awaporatlon  tourca  at  a  mlfeni 
taaparatura,  it  would  ba  naeaaaary  to  hava  thla  aourea  prowlda 
a  wall  dlractad  baaa.  With  a  knowladaa  of  tha  baau  alza  and 
taa^ratura  ona  would  ba  abla  to  obtain  an  approscLuata  awaporatlon 
rata  calculation.  4.  It  would  ba  daalrabla  to  Incorporata  an 
auxiliary  uathod  for  Inatantanaoua  awaporatlon  rata  Monitoring 
and  fllu  coBipoaltlon  dataralnatlon,  Indapandant  of  aourea  tau- 
peraturaa,  ainca  It  la  difficult  to  obtain  a  rallabla  teuparatura 
Bwaauraiant  on  a  aourea  of  appraclabla  aiaa.  5.  Furthanaora, 
enough  Infonuitloa  concamlng  Na  and  Sb  awaporatlon  tachnlquaa 
haa  baan  obtained  that  It  would  aaaa  profitable  to  Include  In 
the  new  ayatau  prowlalon  for  aubatrata  tauparature,  fllu  con- 
dnctlwlty  and  photoanlaalwa  jrlald  naaaurauanta  to  be  performed 
concurr^t  with  film  formation*  Tha  ayatem  which  waa  dawalopad 
from  theaa  racommandatlmia  aeparataa  naturally  Into  tha  aaction 
containing  tha  aubatrataa  and  tha  awaporatlon  aaction* 

In  tha  dawalopmant  of  tha  awaporatlon  aaction «  attention 
waa  firat  dlractad  to  tha  problem  of  prowldlng  a  wall  directed 
beam  of  Ha  and  Sb  from  eontalnara  whldi  would  not  ba  atrongly 
attacked  by  tha  awaporanta*  It  waa  decided  to  hawa  tha  ewapora* 
tlon  beam  originate  from  a  amall  aperture  In  the  container  lid, 
permitting  an  approxluata  calculation  of  the  awaporatlon  rata, 
from  a  knowledge  of  tha  taaqparatura  of  tha  container*  It  waa 
felt  that  tha  moat  reliable  and  almpla  temperature  maaaureaMnt 
could  be  made  with  a  thermocouple  on  a  natal  container*  Bwapora- 
tlon  from  auch  a  aourea  could  ba  controllad  with  a  magnetically 
operated  flap  ower  tha  lid  aperture* 

HI  waa  choaan  aa  tha  material  for  tha  Na  container  alnce 
it  la  both  highly  raalatant  to  Ha  attack  (ref.  54)  and  wary 
aaay  to  work  with*  Little  information  waa  awallable  concerning 
the  realatance  of  mctala  to  attack  by  Sb,  but  alnce  anfflcient 
ewaporatlon  occura  at  twperaturea  far  below  the  BMltlng  point 
of  Sb,  the  choice  of  container  material  waa  not  aa  critical  aa 
for  Ha*  Therefore,  HI  waa  choaen  for  the  Sb  ewaporator  aa  well* 

The  other  major  conalderatlon  In  dealgnlng  the  new  ewapora¬ 
tlon  unit  waa  the  diolce  of  an  Independent  method  for  ewaporatlon 
rate  determination.  A  aet  of  criteria  pertinent  to  theae  atudlea 
waa  eatabliahed  ao  that  any  method  for  ewaporatlon  rate  determin¬ 
ation  could  be  properly  ewaluatedx  theae  criteria  nay  be  found 
in  ref*  7*  The  reaulta  of  a  prewioua  literature  aurwey  con¬ 
cerning  film  thlckneaa  and  ewaporatlon  rate  meaaurementa  were 
rewiew^  with  regard  to  theae  criteria*  The  cmclualen  waa 
reached  that  a  piezoelectric  eryatal  monitor  would  be  the  meat 
aultable  method  for  the  new  ayatem* 
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The  primary  element  in  the  piezoelectric  crystal  rate 
monitor  ia  a  quartz  crystal,  ^  ,5”  square  and  ,040”  thick, 
mounted  in  the  vacuum  system  in  a  holder  which  allows  one  face 
to  be  exposed  to  the  evaporation.  The  addition  of  deposited 
material  to  the  crystal  will  decrease  the  resonant  frequency  of 
the  crystal  in  proportion  to  the  mass  deposited.  The  crystal 
is  the  frequency  controlling  element  of  an  oscillator;  the  rate 
of  shift  in  the  output  frequency  of  this  oscillator  provides  a 
measure  of  the  evaporation  rate.  The  theory  of  operation  as  well 
as  some  experimental  results  may  be  found  in  refs.  55  and  56. 
Figure  25  contains  a  block  diagram  of  the  monitor  and  a  drawing 
of  the  crystal  holder. 

To  measure  and  record  directly  such  a  high  frequency 
5  Me)  with  any  accuracy  requires  quite  sophisticated  instru¬ 
ments.  However,  since  only  the  shift  in  frequency  is  of  any 
real  consequence,  one  normally  mixes  the  output  of  the  crystal 
oscillator  with  a  frequency  standard  to  produce  an  audio  dif¬ 
ference  frequency  which  can  be  easily  amplified,  measured  and 
recorded.  The  amplified  difference  frequency  may  also  be  fed 
to  a  commercial  digital  frequency  counter  with  +  1  cps  accuracy. 
This  measurement,  while  not  easily  recorded,  does  provide  an 
accurate  value  for  the  total  frequency  shift  during  an  evapora¬ 
tion.  A  second  audio  amplifier  i^th  a  speaker  is  Included  to 
facilitate  the  checking  of  monitor  operation  both  before  and 
during  evaporation;  thus,  difficulties  or  sudden  changes  may  be 
spotted  Immediately  without  constant  observation  of  the  meter. 

It  was  decided  that  the  most  simple,  stable  and  reliable 
frequency  standard  would  be  another  crystal  oscillator.  Since 
5  Me  crystals  with  10  kc  tolerances  are  available,  it  is  possible 
to  pick  a  crystal  with  a  resonant  frequency  near  to  that  of  the 
monitor  crystal.  Thus,  the  difference  frequency  will  be  initially 
small  and  hence,  easily  recorded. 

Two  crystal  oscillator-amplifier  circuits,  as  well  as  two 
audio  amplifiers,  and  a  frequency  measuring  circuit  were  con¬ 
structed;  the  units  are  all  transistorized  and  battery  powered. 
With  these  units  the  ambient  frequency  shift,  or  drift,  is 
normally  no  greater  than  1  cps  per  minute.  Since  evaporations 
normally  extend  over  a  period  of  the  order  of  minutes  and  result 
in  a  total  change  in  frequency  of  the  order  of  kilocycles,  the 
inherent  accuracy  and  sensitivity  is  well  within  the  most 
stringent  requirements.  However,  crystal  frequency  is  also 
highly  sensitive  to  changes  in  temperature;  so  precautions  must 
be  taken  to  ensure  temperature  stability.  Since  both  Na  and  Sb 
provide  sufficient  evaporation  rates  at  relatively  low  tempera^ 
tures,  it  was  felt  that  with  heat  shields  and  a  suitable  spacing 
between  evaporator  and  crystal,  temperature  effects  would  be 
small  (as  was  later  verified).  In  any  case,  the  net  dhange  in 
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frequency  due  to  deposited  material  may  be  obtained  following 
the  evaporation  when  the  crystal  has  cooled  to  its  initial 
temperature. 

There  is  a  relation  between  the  frequency  shift  of  the 
crystal  monitor  and  the  mass  of  any  material  deposited  (ref.  55). 
Therefore,  a  valid  determination  of  the  relative  amounts  of  Na 
and  Sb  deposited  (as  well  as  the  deposition  rate)  during  any 
NajSb  film  formation  should  be  possible,  enabling  a  correlation 
between  electrical  properties  of  the  film  and  film  stoichiometry. 

If  one  is  to  treat  the  above  determination  as  an  absolute  meas¬ 
ure  of  mass  deposited,  certain  assumptions  concerning  elastic 
constants  of  the  deposited  film  must  be  made;  however,  these 
introduce  only  relatively  small  corrections  if  the  deposit  is  of 
the  order  of  hundreds  of  Angstrom  units  in  thickness  (which  is 
normally  the  case).  It  is  sometimes  desirable  to  calibrate  the 
monitor  for  film  thickness  with  an  interference  microscope 
(refk  57),  in  order  to  obtain  information  concerning  film  den¬ 
sities  as  well  as  to  provide  a  check  on  the  calculated  frequency- 
mass  relation.  Other  workers  have  obtained  agreement  between 
calculation  and  calibration  as  close  as  the  inherent  accuracy  of 
the  calibrating  device  (+  25  A)  (ref.  56). 

A  drawing  of  the  evaporation  section  may  be  found  In 
Fig.  26.  The  two  Nl  evaporant  containers  are  mounted  on  rollers 
supported  by  two  horizontal  tungsten  rods.  These  evaporators 
may  be  magnetically  moved  to  various  positions  in  the  main  sec¬ 
tion  of  the  evaporation  unit.  At  one  position  Sb  may  be  placed 
into  one  evaporator  before  evacuation.  A  Na  distilling  flask 
(not  shown  in  Fig.  26)  is  attached  at  another  position  In  the 
main  section.  Na  may  be  admitted  to  the  flask  under  vacuum  from 
an  auxiliary  flask  into  which  commercial  Na  has  been  previously 
transferred  and  preprocessed.  Na  may  then  be  directly  vacuum 
distilled  into  one  of  the  evaporators.  (The  lid  of  the  evapo¬ 
rator  is  hinged,  so  that  they  may  be  magnetically  opened  to 
permit  filling.)  At  the  remalnln-g  position  the  evaporators  are 
situated  above  a  W  heater  filament;  upon  heating,  evaporation 
proceeds  from  the  small  lid  aperture,  through  the  collimator^ 
heat  shield  and  onto  the  substrate  ^6”  above.  The  evaporation 
source  temperature  is  measured  with  a  thermocouple  making  fires- 
sure  contact  to  the  evaporator.  Halfway  between  evaporator  and 
substrate  are  two  crystal  monitors  which  may  intercept  a  portion 
of  the  beam.  The  position  of  a  magnetically  operated  shield  de- 
tenolnes  which  of  the  two  crystals  receives  the  evaporation.  A 
l/r2  correction  must  be  made  in  order  to  apply  crystal  monitor 
data  to  the  determination  of  amounts  of  material  on  the  substrates. 

It  was  decided  to  check  the  operation  of  the  evaporation 
section  and  calibrate  the  rate  monitor  previous  to  any  major  ex¬ 
periment.  The  calibration  required  that  several  Individual  films 
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be  BUidey  so  It  w««  neceaeary  to  dealgn,  for  attachaMnt  onto  the 
evaporation  aectlon.  a  almple  trolley  ayatem  with  movable  aub* 
atratea.  While  dealmlng  thla  calibration  tube,  provlalona  for 
meaaurlng  photoemlaalve  ylelda  and  approximate  aubatrate  temper* 
aturea  were  quite  eaally  Incorporated.  Thua,  It  would  be  poaalble 
to  utilise  the  rather  lengthly  Na  dlatlllatlon  to  determine  pre¬ 
liminary  photoemlaalve  yield  dependencea  on  temperature,  film 
composition  and  thiclcneas. 

The  calibration  substrate  aectlon  Is  shown  along  with  the 
evaporation  aectlon  in  Fig.  26.  Twelve  individual  1/5”  by  1” 
glass  slides,  with  pre-evaporated  Au  electrodes,  are  spring 
clipped  onto  .0^0”  T1  backings,  which  in  turn  are  supported  on 
a  Biagnetlcally  operated  trolley  carrier.  It  is  felt  that  the 
heavy  metal  backing  helps  to  establish  better  temperature  uni¬ 
formity  during  heating.  At  the  center  position,  a  slide  may 
receive  evaporation  while  radiation  through  quartz  window  A 
strikes  the  sample  at  a  45*  angle  of  incidence,  producing  photo¬ 
electrons  which  are  collected  by  the  Nl  aiask.  The  Nl  siask  pro¬ 
vides  a  sharp  film  edge  for  a  later  Interferometric  thickness 
measurement;  it  also  shields  the  other  substrates  from  the 
evaporation.  At  this  position  the  sample  may  also  be  heated; 
the  substrate  temperature  is  determined  with  a  thermocouple  fused 
into  an  identical  slide  in  approximately  the  same  position  rela¬ 
tive  to  the  W  ribbon  heater  filament.  Although  this  method  may 
be  somewhat  inaccurate,  it  provides  a  simple  way  of  estimating 
the  temperature  of  many  movable  samples. 

After  the  evaporation  has  been  completed,  the  film  may  be 
moved  to  another  position  idiere  It  Is  irradiated  through  a 
quartz  window  B  at  normal  Incidence,  permitting  a  comparison 
^th  most  other  photoemlsslve  yield  data.  Since  window  B  Is 
large  enough  to  pass  the  entire  light  beam,  one  may  obtain  ab¬ 
solute  yields  (i.e.,  electrons  per  incident  quantum).  (Yields 
measured  at  window  A  should  be  considered  only  relative  to  each 
other,  since  the  fraction  of  the  light  beam  striking  the  sample 
was  undetermined.)  Finally,  A1  may  be  evaporated  over  both  the 
bare  substrate  and  film  to  provide  a  uniform  reflective  coating 
for  the  interferometric  thickness  measurement. 

Following  the  preliminary  experiment  and  calibration,  the 
evaporation  unit  will  be  used  In  conjunction  with  a  system  which 
has  provision  for  measuring,  concurrent  with  film  deposition, 
conductivity,  accurate  substrate  temperatures,  and  photoemlsslve 
yield  on  three  sapphire  substrates.  This  system  has  been 
partially  constructed  and  Is  described  in  ref.  7.  However,  the 
construction  and  measurements  in  the  preliminary  phase  of  the 
experiment  cmsumed  the  remainder  of  the  period;  so  this  sub¬ 
strate  section  has  not  yet  been  used. 
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Before  conetruction  was  completed  on  the  calibration  sub- 
atrate  section,  the  evaporator  system  was  assembled  and  pre« 
processed.  First,  it  was  pumped  to  a  pressure  of  lO'S  Torr  with 
a  Varian  Vac- sorb  cryopump  idiich  avoids  any  hydrocarbon  contami¬ 
nation,  and  then  further  evacuated  to  a  pressure  of  5  x  10*^  Torr 
with  a  sputter  pump  mounted  below  the  station.  This  pump  was 
used  to  provide  the  pumping  during  processing.  After  checking 
the  operation  of  the  crystal  monitors,  heaters,  and  trolleys, 
the  system  was  given  a  standard  bake.  The  bake  did  not  seem  to 
affect  the  operation  of  the  quartz  crystals.  After  processing 
and  checking,  the  system  was  opened  to  an  atmosphere  of  No  to 
permit  attachment  of  the  calibration  substrate  section  and  the 
Ma  distilling  flask.  Sb  was  then  placed  in  its  evaporator, 
after  which  the  system  was  again  evacuated  and  processed. 

At  this  time  the  auxiliary  flask  containing  the  proprocessed 
Na  was  attached  to  the  distilling  flask  and  the  space  between 
them  was  evacuated.  After  the  break-i-in  seals  on  both  flasks 
were  opened  with  a  magnetically  operated  steel  ball,  the  Na  was 
melted  and  allowed  to  run  into  the  distilling  flask.  The  Na  was 
then  further  outgassed  and  distilled  into  its  evaporator. 

An  attempt  was  then  made  to  outgas  the  Sb  by  heating  it 
to  its  melting  point.  However,  before  the  melting  point  was 
reached,  a  considerable  amount  of  Sb  had  escaped  from  the  edges 
of  the  hinged  lid,  striking  hot  metal  parts  and  re-evaporating 
onto  the  walls  of  the  tube,  greatly  reducing  the  visibility. 

Some  of  the  Sb  was  slso  deposited  onto  the  pressure  contact 
thermocouple,  causing  it  to  stick  and  making  it  unusable.  Later, 
when  the  evaporator  flap  was  opened,  a  film  across  the  small 
hole  was  observed;  apparently  during  the  outgassing,  Sb  had  con¬ 
densed  on  the  some«Aiat  cooler  lid,  forming  a  continuous  film  on 
the  lid  and  flap.  Thus,  in  order  to  obtain  sufficient  evapora¬ 
tion  rates,  it  would  be  necessary  to  raise  the  evaporator  to 
much  higher  than  normal  temperatures,  resulting  in  a  greater 
degree  of  contamination  from  the  accompanying  high  gas  pressure 
in  the  tube.  The  substrates  were  outgassed  as  a  final  step  in 
the  processing,  after  which  a  pressure  of  10~^  Torr  was  obtained. 

Since  the  crystal  monitors  would  be  the  basic  method  of 
determining  the  evaporation  rate,  it  was  felt  that  the  inability 
to  measure  evaporator  temperatures  would  not  appreciably  hinder 
the  experiment.  Although  the  high  temperatures  necessary  for 
evaporation  were  undesirable,  this  was  not  considered  to  be  very 
Important  in  view  of  the  preliminary  nature  of  the  experiment. 
Thus,  it  was  decided  to  proceed  with  the  experiment  in  spite  of 
the  difficulties  which  had  been  encountered;  however,  in  any 
future  experiment  it  would  be  necessary  to  modify  at  least  the 
Sb  evaporator  to  eliminate  these  problems. 
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Experimental  Result a 

An  Sb  film  of  6.8  gm/cm^  surface  density  (calculated 
from  crystal  monitor  data)  was  deposited  on  slide  number  i*  (de-* 
noted  bv  Ai|).  If  one  assumes  bulk  density,  this  film  was 
^100  A  thick.  The  system  was  placed  In  a  shielded  box  and 
3.9  eV  quanta  were  directed  onto  the  sample  through  window  A 
from  a  light  source  and  monochromator  arrangement  described  In 
ref.  5.  Fhotoemlsslve  yield  measurements  were  made  on  the  sample 
during  the  subsequent  Na  depositions  and  heat  treatments;  fol¬ 
lowing  each  step,  a  spectral  yield  curve  was  obtained.  Through¬ 
out  the  discussion  of  the  data  so  obtained,  Na  depositions  are 
denoted  by  D  and  heat  treatments  by  H.  SNa  Is  defined  as  the 
ratio  of  the  amount  of  Na  deposited  to  the  amount  of  Na  necessary 
to  make  the  sample  Into  stoichiometric  NasSb;  this  figure  was 
calculated  from  the  crystal  rate  monitor.  The  amount  of  Na  de¬ 
posited  In  any  deposition  will  be  referred  to  as  a  fraction  of 
SNa*  The  rate  of  change  of  yield  with  respect  to  time  during 
depositions  and  heat  treatments  will  be  referred  to  as  the  yield 
rate.  The  rate  of  change  of  the  frequency  of  the  crystal  monitor 
with  respect  to  time  will  be  referred  to  as  the  frequency  rate. 

During  the  Initial  part  of  Di ,  the  frequency  rate  was  not 
constant  even  though  thersial  equllitolum  of  the  evaporator  had 
been  established.  A  sharp  jump  In  frequency  then  occurred, 
followed  by  the  expected  constant  frequency  rate.  It  is  felt 
that  the  constant  rate  when  extrapolated  back  to  the  commence¬ 
ment  of  deposition,  gives  a  fairly  reliable  estimate  of  the 
total  evaporation;  however,  this  anomaly  does  raise  some  ques¬ 
tion  as  to  the  validity  of  the  S^a  »  0.7  estimate  for  D^.  The 
nonlinearity  and  discontinuity  In  the  frequency  rate  may  perhaps 
be  attributed  to  attack  of  the  A1  electrodes  of  the  crystal  by 
sodium.  In  subsequent  depositions,  the  frequency  rate  **behaved^ 
properly,  so  apparently,  only  the  Initial  Na  deposition  on  the 
crystal  has  an  adverse  effect. 

In  deposition  D^,  a  very  high  (positive  and  decreasing) 
3rleld  rate  was  observed  to  Sffa  ^  0.05;  this  was  followed  by  a 
lower  constant  rate  to  S^a  «  O.L.  At  some  point  between 
SNa  «  0.1  and  S^a  »  0.7  the  rate  again  increased,  but  It  was 
Impossible  to  follow  this  because  of  difficulty  experienced 
with  the  light  source.  At  the  conclusion  of  the  deposition, 
the  yield  was  found  to  be  stable  at  a  value  of  5.7  x  lO"^  at 
3.9  eV. 

The  Initial  high  rate  Is  attributed  to  emission  from  an 
Increasing  Na  layer  at  the  surface:  the  leveling  off  to  a  con¬ 
stant  yield  rate  may  be  an  indication  that  this  photoemission 
process  was  approaching  saturation.  The  yield  measured  during 
this  constant  rate  Interval  Increased  from  10**^  to  10**^  In 
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agreeMnt  with  the  uxliBum  yield  oMalnable  from  Na  at  5.9  cV 
reported  to  be  on  the  order  of  by  Maurer  (ref.  26).  The 

aubaeqoent  Increaae  In  3rleld  rate  may  have  occurred  when  Na  had 
dlffuaed  Into  the  Sb,  fomlng  aofflclent  Na'jSb  to  allow  emiaalon 
from  NasSb  to  atrongly  dominate  the  emission  from  Na. 

Before  describing  the  results  of  the  additional  Na  de¬ 
positions,  It  Is  worthwhile  to  mention  some  results  of  other 
work  on  the  alkali  antlmonides.  Spicer  (ref.  58)  has  stated 
that  few  photoelectrons  will  escape  that  originate  at  a  distance 
greater  than  250  a  from  the  surface.  (Hereafter,  the  region 
^thln  the  photoelectron  escape  depth  will  be  referred  to  as 
the  escape  region.)  Imamura  (ref.  59)  reports  that  the  thick¬ 
ness  of  alkali  antlmonlde  films  may  be  expected  to  be  a  factor 
of  8.1  greater  than  the  thickness  of  the  Sb  layer  prior  to  re¬ 
action  ^th  an  alkali  laetal.  Using  this  figure  the  final 
thickness  of  the  Na^Sb  sample  in  this  experiment  was  estimated 
to  be  at  least  800  a.  Thus,  on  the  basis  of  Spicer's  findings, 
one  can  expect  composition  changes  (In  the  substrate  region 
>  250  A  from  the  surface)  for  whldi  there  would  be  no  accom¬ 
panying  photoemlsslve  yield  changes. 

Sonmer  (ref.  60)  In  his  work  with  K3Sb  (properties  similar 
to  Na3Sb)  found  that  the  peak  yield  was  reached  with  the  ratio 
of  K  to  Sb  >  3:1.  Upon  further  K  deposition  the  jrleld  decreased 
but  was  restored  to  slightly  less  than  peak  value  upon  baking 
to  equilibrium  at  150*C.  He  concluded  that  stable  K3Sb  has  a 
ratio  of  K  to  Sb  >  3:1  and  Is  made  n  type  by  the  excess  K. 

Spicer  (ref.  58)  reports  that  these  n*type  Impurities  give  rise 
to  an  Impurity  emission  which  has  a  lower  threshold  and  maximum 
3rleld  than  the  primary  Intrinsic  emission. 

Consideration  of  the  photoemlsslve  srield  changes  which 
accompanied  the  depositions  and  heatings  following  Dx  lead  one 
to  make  several  conjectures  concerning  the  film  formation 
process.  In  order  to  simplify  the  discussion.  Fig.  27  Is  pre¬ 
sented  as  a  history  of  this  sample  following  Dx;  It  Is  a  gra^ 
of  the  {hotoemlsslve  yield  at  eV  vs.  Sffa.  Since  only  one 
sample  has  been  measured  so  far.  It  Is  not  known  how  reproduci¬ 
ble  these  results  are.  Furthermore,  It  should  be  pointed  out 
that  the  conclusions  which  follow  are  quite  speculative  In  view 
of  the  difficulties  experienced  which  made  data  Interpretation 
some^at  uncertain.  In  addition  to  varying  the  amount  of  Na 
deposited,  the  maximum  temperature  attained  In  subsequent  heat 
treatments  was  also  varied  during  the  first  few  depositions  In 
an  effort  to  gain  a  rough  estimate  of  temperature  effects.  This 
fact,  combined  with  the  lack  of  knowledge  of  srield  dependence 
on  composition  for  Sns  <  0.7,  make  Interpretation  of  the  first 
few  depositions  more  difficult  than  for  later  ones.  Therefore, 
the  final  depositions,  D5  and  D^i  will  be  considered  first, 


57 


followed  by  a  discussion  of  D2  and  (and  the  accompanying 
temperature  effects). 

The  experimental  results  of  Di(  and  Dc  indicate  the  ex^ 
Istence  of  two  separate  mechanisms  c£  intrinsic  yield  reduction 
with  excess  Na  on  Na^Sb.  It  is  postulated  that  excess  Na  ac¬ 
cumulates  on  the  surface  to  the  extent  of  about  a  monolayer, 
causing  a  yield  decrease,  while  any  further  deposited  Ma  dif¬ 
fuses  into  the  sample  as  excess  Na  atoms  in  the  Na3Sb  lattice, 
effecting  a  yield  decrease  similar  in  ma^ltude  to  that  accom¬ 
panying  the  monolayer.  Furthermore,  it  is  possible  to  remove 
the  surface  monolayer  as  well  as  most  of  the  bulk  excess  Na  at 
temperatures  between  150*C  and  170*C,  resulting  in  a  restoration 
of  photoemiaslve  yield.  These  results,  will  be  considered  in 
greater  detail  in  the  discussion  which  follows. 

Na  deposition  D5  resulted  in  three  somewhat  different  de¬ 
creases  in  peak  yield  for  a  total  3rield  reduction  of  approxi¬ 
mately  50%  as  can  be  seen  from  an  Inspection  of  the  D5  portion 
of  the  graph  in  Fig.  27.  The  first  of  these  decreases  was  rather 
abrupt  and  occurred  vlth  a  Na  deposition  of  only^^^0.02  sig/cm^ 
surface  density  (corresponding  to  about  a  monolayer  of  Na).  After 
the  abrupt  decrease,  the  3rleld  leveled  off;  this  was  followed  by 
the  second  (similar  in  magnitude  but  more  ^adual)  decrease  to  a 
3rLeld  value  which  remained  constant  with  continued  deposition, 
except  for  a  very  slight  decrease  near  the  end.  Deposition  d4 
just  prior  to  D5  resulted  in  a  3rield  reduction  similar  in  magni¬ 
tude  to  that  observed  initially  in  D5.  Again  as  in  D5,  this 
decrease  resulted  from  only  a  monolayer  of  Na.  With  no  further 
Na  deposition  beyond  this  amount,  the  yield  remained  constant 
with  time. 

It  seems  plausible  to  attribute  the  yield  decrease  in  Dj(  to 
a  quasi-stable  surface  effect  since  there  appeared  to  be  no 
gradual  yield  changes  with  time  such  as  might  be  expected  to  ac¬ 
company  any  bulk  diffusion  of  Na.  Due  to  the  striking  similarity 
between  Di|  and  the  first  monolayer  or  so  of  Dj,  it  is  assumed  that 
the  initial  3rield  decrease  in  D5  was  also  due  to  a  quasi-stable 
surface  monolayer  of  Na.  A  continued  build  up  of  Na  on  the 
surface  would  be  evidenced  by  a  yield  decrease  persisting  as 
long  as  Na  was  deposited,  since  the  yield  would  be  reduced  both 
by  Na  atom  scattering  of  internal  i^otoelectrons  and  greater 
light  absorption  in  the  increasing  smtalllc  Na  layer.  However, 
such  a  continued  yield  decrease  was  not  observed,  but  instead, 
a  leveling  off  occurred.  Thus,  the  surface  excess  Na  was  ap¬ 
parently  limited  to  about  one  monolayer.  Since  the  Na  deposited 
beyond  the  monolayer  in  Ds  effected  a  further  yield  decrease, 
rather  than  an  increase,  it  is  assumed  that  the  escape  region 
was  already  stoichiometric,  so  that  Na  diffused  into  the  bulk 
as  a  stoichiometric  excess.  The  mechanism  of  this  yield 
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dccTMa*  coaid  Tory  woll  be  Inolaatlc  acattarlng  of  a  alaoabla 
fractlcm  of  tha  Intamal  photoalactrona  by  axeaaa  Na  atcaaa  In 
the  NasSb  lattice.  The  aecond  leveling  off  In  the  ]rleld  va. 
depoaltlon  curve  In  Ds  no  doubt  occurred  uhen  the  eacape  region 
could acco—odate no  farther  exceaa  Na,  caualng  the  reauilnder  of 
the  depoalted  Na  to  dlffuae  Into  the  aubatrate  region  where  It 
could  have  no  effect  on  i^otoemlaalon.  Further  e^dence  for 
bulk  dlffualon  of  the  depoalted  Na  aiay  be  found  In  a  comparlaon 
of  yield  curvea  A  (after  Hi|),  and  B  (after  D5)  In  Fig.  28.  ^eae 
curvea  reveal  that  the  D5  depoaltlon  reaulted  In  an  increaae  In 
low  photon  energy  emlaalon  along  with  a  decreaae  In  high  mergy 
ealaalon.  The  low  photon  energy  yield  haa  been  attributed  to 
emlaalon  from  donor  Impurity  levela,  reaultlng  from  the  preaence 
of  exceaa  Na  In  the  lattice  (Spicer,  ref.  58).  Thua,  enhance¬ 
ment  of  thla  yield  muat  have  been  due  to  an  Increaae  In  the 
number  of  Impurity  levela  by  Introduction  of  additional  exceaa 
Na  Into  the  bulk  of  the  film. 

The  effecta  of  heating  the  aample  (H3,  and  H5)  will  now 
be  conaldered.  During  Hit,  following  Di|,  the  yield  (4.4  eV)  waa 
reatored  to  the  value  which  had  been  obtained  prior  to  Dii;  the 
Increaae  occurred  between  150*C  and  170*C  aubatrate  temperature. 
Since  there  waa  no  net  3rleld  change  from  Di|  and  Hit,  It  la  aa- 
aumed  that  heating  completely  removed  the  propoaed  aurface  mono- 
layer  of  Na.  Thla  removal  la  eaaentlal  to  the  aaaumptlon  that 
the  aame  aux^ace  monolayer  waa  reaponalble  for  the  Initial  3dLeld 
drop  In  D5.  During  H5  the  yield  Increaaed  (at  about  the  aame 
temperature  aa  In  H4)  and  upon  cooling  Increaaed  aomewhat  more 
to  a  value  alightly  lower  than  that  obtained  prior  to  D5.  The 
near  restoration  of  3rleld  In  H5  la  attributed  to  the  removal  of 
nearly  all  the  bulk  Na  exceaa  aa  well  aa  the  aurface  monolayer 
(aa  In  Hi|).  The  removal  of  exceaa  Na  la  evidenced  alao  by  the 
decreaae  In  Inmurlty  3rleld  (curve  C)  In  Fig.  28.  The  removal 
waa  moat  probably  by  evaporation  rather  than  by  dlffualon  Into 
the  aubatrate  region,  aince  the  aubatrate  region  ahould  alao 
have  been  In  equilibrium  compoaltlon  by  thla  time  (SNa  >  1.0). 

A  almllar  yield  Increaae  waa  obaerved  during  H3  (again  between 
150*C  and  170*0)  Indicating  a  removal  of  exceaa  Na.  Since  the 
amount  of  Na  depoalted  prior  to  thla  waa  Inaufficlent  to  make 
the  entire  aample  atolchlometrlc,  much  leaa  provide  an  exceaa 
of  Na,  thla  effect  la  taken  aa  farther  evidence  that  atolchl- 
ometry  waa  attained  preferentially  in  the  region  near  the 
aurface. 

Referring  again  to  Fig.  28.  It  la  not  clear  why  both  In- 
trlnalc  and  Impurity  threahold  yield  reglona  are  conalderably 
higher  for  curve  A  (after  Hi))  than  for  C  (after  H5),  aince  . 
preaumably  the  aample  had  been  reatored  to  It a  former  condition 
by  heat  treatment  H5.  It  will  be  noticed,  however,  that  the 
peak  ylelda  for  both  typ^a  of  emlaalon  appear  to  be  greater  for 
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curve  C  then  for  curve  A*  While  It  haa  been  poatulated  that 
approximately  a  monolayer  of  Ha  on  the  surface  effects  a  3riel<l 
decrease,  it  is  conceivable  that  a  small  fraction  of  that  amount 
might  actually  enhance  eoiiaaion,  as  is  found,  for  example,  in 
studies  of  Na  over layers  on  Ge,  If  this  is  indeed  the  case, 
then  the  lateral  shift  of  curve  C  toward  higher  energies  might 
be  explained  by  the  removal  of  this  fraction  of  a  monolayer 
during  the  rather  high  (230*C)  heat  treatment  H5. 

At  the  conclusion  of  the  experiment  summarized  in  Fig.  27, 
the  spectral  yield  was  measured  at  window  A  (45*  light  incidence) 
and  at  window  B  (normal  light  incidenceX  A  plot  of  the  ratio  of 
these  two  spectral  jrield  measurements  (Fig.  29)  indicates  that 
the  sample  was  somewhat  inhomogeneous  along  the  thickness  of 
the  smaple.  One  would  normally  expect  this  ratio  to  be  greater 
than  unity  in  at  least  the  threshold  3rield  regions  of  both  in¬ 
trinsic  and  impurity  emission,  since  the  photoelectron  escape 
probability  is  increased  when  a  greater  percentage  of  the  light 
is  absorbed  near  the  surface.  However,  the  ratio  calculated 
from  measured  values  was  less  than  unity  for  intrinsic  emission; 
in  the  region  where  impurity  emission  breaks  away  from  intrinsic 
emission  (3.2- 3.5  eV),  the  ratio  increased  rapidly  to  a  rather, 
constant  value  of  1.8.  The  measured  yield  at  window  A  was  no 
doubt  lower  than  absolute  yield  since  the  light  was  not  com¬ 
pletely  confined  to  the  sample;  this  might  account  for  the  fact 
that  the  ratio  was  less  than  unity  in  the  intrinsic  region. 
However,  any  such  shifts  should  affect  the  idiole  spectrum  by  a 
constant  factor  and  thus  do  not  account  for  the  salient  features 
of  this  graph,  namely,  the  rather  abrupt  change  in  the  *^eak- 
off  region**  and  the  constant  values  on  either  side.  A  possible 
explanation  would  be  the  existence  of  an  impurity  concentration 
gradient  normal  to  the  surface,  the  impurity  concentration  being 
greater  near  the  surface.  The  percentage  of  the  45*  incident 
light  absorbed  in  the  region  of  high  impurity  concentration 
would  have  been  greater  than  for  normal  incidence,  thus,  in¬ 
creasing  the  yield  ratio  for  impurity  emission.  Although  it  is 
plausible,  this  explanation  is  by  no  means  conclusive  since 
other  effects  (such  as  a  possible  difference  in  spectral  reflec¬ 
tivity  dependence  for  the  two  Incidence  angles)  have  not  been 
taken  into  consideration. 

With  the  previous  Interpretations  as  a  background,  the 
results  of  the  first  two  additional  depositions  and  heatings 
will  now  be  considered.  After  Di ,  upon  allowing  the  sample  to 
remain  at  room  temperature  for  18  hours,  the  intrinsic  yield 
had  increased,  while  the  impurity  yield  had  decreased  (same  ef¬ 
fect  as  resulted  from  heating  following  deposition).  Since  Sjia 
was  considerably  less  than  unity,  it  is  possible  that  the  excess 
Na  present  in  the  escape  region  diffused  into  the  Na-deficlent 
substrate  region  during  the  18  hour  period.  The  escape  region 
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was  thus  **frea*^  to  acconmodata  additional  excess  Ma  In  deposition 
D2,  as  Is  evidenced  by  the  accompanying  jdeld  decrease.  It  Is 
not  clear  why  the  yield  decreased  so  rapidly  In  D2,  since  the 
"balk  excess  effects"  In  the  other  depositions  were  nmch  more 
gradual.  A  surface  monolayer  effect  Is  practically  ruled  out 
since  presumably  the  surface  had  not  been  previously  "cleared" 
of  Ma,  (the  sample  had  not  yet  been  heated).  In  any  case,  the 
Intrinsic  ]rleld  was  slightly  more  than  restored  upon  heating  to 
75 *C  (H2)  while  the  Impurity  yield  reioalned  essentially  unchanged. 
It  la  thought  that  the  slight  net  Increase  In  Intrinsic  yield 
may  have  been  due  to  the  formation  of  Na3Sb  near  the  escape 
region— substrate  region  boundary.  While  an  elevated  temperature 
no  doubt  speeded  up  the  Na  diffusion  to  this  region,  this  foma* 
tlon  might  well  have  occurred  at  room  temperature  with  sufficient 
time.  It  Is  felt  that  the  75*  heating  did  not  effect  any  removal 
of  Na,  either  surface  or  bulk  excess,  since  such  a  removal  should 
have  been  evidenced  In  the  subsequent  deposition  D3  by  a  yield 
reduction  similar  to  that  observed  In  Ds.  However,  the  D3  yield 
reduction  was  very  slight  and  quite  gradual.  Indicating  a  near 
saturation  of  excess  Na  In  the  escape  region.  The  50%  yield  In¬ 
crease  observed  during  H3  (mentioned  earlier)  between  150*C  and 
170*C  seems  to  represent  the  first  removal  of  both  bulk  excess 
Na  and  the  surface  monolayer.  Apparently,  a  temperature  of 
about  150*0  Is  Indeed  necessary  to  remove  excess  Na  from  Na3Sb, 

In  agremaent  with  Sommer  (ref.  60).  If  one  adds  the  Na  excess 
removal  effects  to  the  peak  yields  obtained  after  Hi  and  Ho  In 
Fig.  27.  It  becomes  apparent  that  this  "corrected"  yield  did 
not  vary  appreciably.  This  Indicates  that  the  basic  composition 
of  the  escape  region  was  not  altered  significantly  beyond 
SNa  =  0.7.  supporting  the  conjecture  that  near  stoichiometry 
was  obtained  preferentially  In  the  region  nearer  the  surface  of 
the  film.  Furthermore.  It  appears  that  the  reaction  of  Na  with 
Sb  to  form  Na3Sb  went  very  nearly  to  completion  at  room  tem¬ 
perature;  this  is  In  agreement  with  Sommer  and  Vine  (ref.  61) 
who  recently  observed  a  similar  phenomena  In  experiments  with 
CssSb. 


2.3.2  Studies  of  Bulk  Na^Sb 

A  sunmary  of  a  literature  survey  on  the  photoemlttlng  and 
seoilconductlng  properties  of  the  alkali  antlmonldes  appears  In 
ref.  1.  It  was  concluded  from  this  survey  that  an  experimental 
program  designed  to  synthesize  and  study  these  oiaterlals  In  the 
bulk  form  would  be  of  considerable  value  to  the  overall  program. 

Samples  of  polycrystalline  NaiSb  have  been  prepared  by 
several  methods  described  In  refs.  5  and  6.  The  results  of 
these  experiments  and  of  an  attempt  to  measure  the  conductivity 
of  a  sample  of  Na3Sb.  ref.  6.  Indicated  the  necessity  of  pro¬ 
tecting  the  Na3Sb  from  any  appreciable  concentration  of  most 
gases  and  of  providing  a  working  space  In  which  a  sample  of 
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NasSb  conld  b«  praparcd  and  aha pad.  Aa  a  raault  of  tha  abova 
conaidaratlona  It  waa  dacldad  to  obtain  a  high  quality  glorabox 
and  purification  train. 

A  glorabox  waa  built  to  tha  daalgn  and  specif icatlona  of 
Argonne  Natlraal  Laboratoriea.*  The  glorabox  la  made  up  of  an 
aluminum  frame  onto  which  glass  panels  and  thick  aluminum  panels 
are  clamped.  The  seals  between  the  frames  and  panels  consist 
of  0  rings  seated  in  polished  groores  in  the  frame.  The  thick 
aluminum  end  panels  allow  the  use  of  0  ring  gaskets  and  bolts 
to  seal  an  accessory  panel  and  a  racuum  airlock  to  the  glorebox. 
The  glores  are  attached  to  molded  phenolic  gloreports  which  in 
torn  are  sealed  to  the  glass  panels  with  neoprene  gaskets.  The 
glorebox  is  shown  in  Fig.  30.  The  frame,  panels,  gaskets  and 
other  necessary  items  were  purchased  from  various  manufacturers. 
These  items  were  machined  md  polished  to  meet  speclficatitms 
and  to  improve  the  leak-tightness  of  the  finished  glorebox. 

A  vacuum-airlock  to  be  used  in  conjunction  with  the  glove- 
box  was  purchased  from  S.  Bllckman,  Inc.  The  airlock  la  necessary 
to  allow  the  operator  to  Introduce  items  into  the  glorebox  with¬ 
out  opening  it  to  the  air  and  to  remove  residual  gases  frtm  con¬ 
stricted  areas  in  the  items  «Ailch  are  Introduced  into  the 
glovebox.  This  airlock  p«mits  the  continuous  operation  of  the 
glovebox  without  exposing  its  contents  to  the  atmosphere. 

A  study  was  made  of  the  feasibility  of  making  an  argon 
purifier  to  be  used  in  conjunction  with  the  glovebox.  Specifica¬ 
tions  for  an  argon  purification  system  were  drawn  up  and  sub¬ 
mitted  to  several  commercial  suppliers^  It  was  found  that  an 
argon  purification  system  made  by  United  States  Dynamics  was 
suitable  for  our  use.  Their  system  recirculates  argon  at  a 

rate  of  400  SCFH  reducing  the  hydrogen,  oxygen,  water, 
and  h3rdrocarbon  concentration  to  less  thanl  ppm,  at  the  output. 
Since  this  system  compared  favorably  with  any  system  we  could 
make  and  wrs  more  economical,  it  was  decided  to  purchase  the 
gas  purification  system  from  United  States  Dynamics.  This  sys¬ 
tem  consisted  of  three  Independent  subassemblies.  One  such 
subassembly  contains  two  alternate  tanks  for  removing  water 
vapor  and  hjrdrocarbons.  One  tank  is  always  being  regenerated 
while  the  other  is  removing  these  impurities  in  the  argon  from 
the  glovebox.  This  subassembly  also  contains  the  pump  and  motor 
necessary  to  recirculate  the  argon  atmosphere  in  the  glovebox. 

The  second  subassembly  contains  one  tank  to  remove  oxygen  non- 
catalytlcally  from  the  argon.  This  subassembly  is  bypassed 
during  the  relatively  short  time  it  takes  to  regenerate  Itself 


William  D.  McNeil  conferred  with  L.  R.  Kelman  and  W.  H.  Ii,vemakh 
of  Argonne  National  Laboratories  regarding  the  construction  of 
the  glovebox. 
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with  hydrogtn.  The  third  anbassenbly  conslata  of  a  tank  idilch 
removea  h3rdrogan  fron  tha  argon  by  catalytic  combination  with 
oxygon. 


Upon  rocolvlng  the  anbaaaombllea  of  tho  argon  purifica¬ 
tion  train,  conalderablo  time  waa  apont  In  aaaembllng  the  piping 
neceaaary  to  connect  the  varloua  aubaaaembllea  and  the  glovebox 
ayatem.  Alao,  the  tubing  neceaaary  to  provide  the  varloua 
gaaea,  water,  and  dralna  to  the  aubaaaembllea  waa  aaaembled. 
Flgurea  31  and  30  ahow  a  flow  diagram  and  a  photograidi  of  the 
completed  ayatem.  The  glovebox,  airlock,  aubaaaembllea,  and 
piping  were  teated  with  a  Veeco  MS9A  leak  detector,  a  helium 
aenaltlve  maaa  apectrometer.  The  glovebox  and  airlock  were 
found  to  be  free  of  leaka.  Soote  leaka  were  dlacovered  In  the 
piping  and  the  aubaaaembllea;  theae  leaka  were  repaired. 

Upon  putting  the  glovebox  and  argon  purification  ayatem 
into  operation,  It  waa  found,  by  obaer^ng  a  alow  decreaae  In 
preaaure  in  the  glovebox,  that  a  amall  leak  In  the  ayatem  waa 
atlll  preaent.  At  thla  time  a  amall  quantity  of  NaK.  a  highly 
reactive  alloy  of  aodlum  and  potaaalum  which  la  liquid  at  room 
temperature,  waa  expoaed  to  the  atmoaphere  In  the  glovebox. 

After  approximately  five  mlnutea  a  change  in  color  of  the  aur- 
face  of  the  alloy  waa  obaervable.  Indicating  a  thin  reacted 
film  had  formed  on  the  aurface  of  the  alloy.  Thla  Indlcatea  a 
algnlflcant  Improvement  In  purity  of  the  glovebox  atmoaphere 
over  the  atmoaphere  maintained  In  the  original  glovebox  mentioned 
in  ref.  6  In  which  NaK  would  only  remain  unreacted  for  approxi¬ 
mately  5  aeconda. 

Some  work  waa  done  to  get  a  quantitative  meaaurement  of 
the  reactive  Impurltlea  In  the  glovebox  atmoaphere.  It  con- 
alated  of  burning  out  fllamenta  of  light  bulba  In  an  atmoaphere 
of  a  known  preaaure  of  oxygen.  It  appeara  aa  though  the  time 
neceaaary  to  bum  out  theae  fllamenta  la  too  long  In  the  degree 
of  oxygen  Impurity  we  hope  to  maintain  in  the  glovebox  to  be 
uaed  aa  a  continuoua  check  on  the  purity  of  the  glovebox  atmoa¬ 
phere.  Work  will  continue  In  thla  area  to  gain  a  quantitative 
idea  of  the  Impurity  level  in  the  glovebox  at  aome  future  date. 

The  dealgn  and  conatruction  of  varioua  itema  neceaaary  to 
the  production  and  teating  of  NasSb  la  in  progreaa.  Among  theae 
iteaia  la  a  larger  and  more  atable  model  of  a  furnace  which  waa 
already  aucceaafully  teated,  made  with  a  alotted  atalnleaa  ateel 
heating  element  and  three  atalnleaa  ateel  heat  ahlelda.  Alao 
dealgned  waa  a  device  to  hold  a  rectangular  parallelepiped  of 
the  reaction  product  while  conductivity  veraua  temperature  and 
Hall  effect  veraua  temperature  meaaurementa  are  being  made. 
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2*4  Ano— lom  Photovolf Ic  Efftctg  In  S—dconducter  Fllaa 


2.4 .1  Evaporated  6e  Fllma 

The  bell- jar  vacutna  ayatem  to  be  uaed  In  the  atody  of 
anomalooa  photovoltaic  effecta  In  evaporated  aealconductlng 
fllma  waa  deacrlbed  briefly  In  ref.  7,  p.  30.  The  apparatua 
for  the  Inalde  of  the  bell- jar  haa  been  completed  ao  that  evap¬ 
oration  of  fllma  can  be  atarted  ahortly. 

Anomaloua  photovoltagea  were  fir at  reported  In  cadmloa 
tellurlde  by  Goldateln  and  Fenaak  (ref.  62).  and  later  In  alllcon 
and  germanium  by  Kallmann,  et  al..  (ref.  63).  In  all  three 
materlala.  photovoltagea  up  to  aeveral  hundred  volta  per  centi¬ 
meter  of  film  length  were  obtained,  but  theae  high  photovoltagea 
could  not  be  uniformly  reproduced  in  ancceaalve  fllma.  In  the 
preaent  Inveatlgatlon.  germanium  flliaa  will  be  atudled.  Ger¬ 
manium  waa  choaen  becauae  of  the  obvloua  almpllf Icationa  due  to 
the  uae  of  an  elemental  aemlconductor  and  becauae.  of  the  well- 
known  elmaental  aemlconductora .  It  la  evaporated  moat  eaally. 

The  germanium  will  be  evaporated  from  a  aapphlre  crucible  onto 
a  quartz  aubatrate  which  la  nine  Indiea  above  the  crucible.  The 
aeparation  between  the  ciruclble  and  the  aubatrate  waa  made  aa 
large  aa  poaalble  to  minimize  thermal  gradlenta  cauaed  by  the 
hot  crucible  and  to  make  the  definition  of  an  angle  of  depoal- 
tlon  more  meaningful. 

The  aubatrate  la  attached  to  an  O.F.H.C.  copper  block 
containing  a  heating  element  and  the  copper  block  la  clamped  In 
a  atalnleaa  ateel  holder  which  can  be  rotated  through  90*  from 
outalde  the  bell- jar  by  meana  of  a  rotary  motion  feedthru.  The 
atalnleaa  ateel  holder  containa  a  coolant  reaervolr  and  pro- 
vlalon  haa  been  made  for  aupplying  the  reaervolr  by  a  bellowa 
arrangement  ao  that  In  future  experlmenta  it  will  be  poaalble 
to  cool  the  fllma  to  liquid  nitrogen  temperature  without  removing 
them  from  the  bell- jar.  There  la  a  two  Inch  viewing  port  on  the 
bell- jar  oppoalte  the  aubatrate  ao  that  after  depoaitlon  the 
aubatrate  may  be  rotated  Into  poaltlon  for  expoalng  the  film  to 
light.  Thla  arrangement  will  alao  allow  the  angle  of  Incidence 
of  the  radiation  to  be  varied  In  addition  to  the  angle  of 
depoaitlon. 

The  vacuum  ayatem  Itaelf  haa  been  dealgned  to  yield  a 
clean,  ultra-high  vacuum  by  ualng  low  vapor  preaaure  materlala 
throughout  and  by  ualng  a  aputter  pump  and  cryogenic  forepump. 

For  adaorptlon  atudlea,  there  la  a  gaa  admlaalon  ayatem  which 
will  control  the  preaaure  Inalde  the  bell- jar  by  the  admlaalon 
of  the  dealred  gaa  through  a  aervo-controlled  variable  leak 
valve. 


The  bell- jar  and  the  Internal  apparatus  necessary  for  con¬ 
ducting  the  experlsient  have  been  assembled.  After  processing 
of  the  system  is  complete,  deposition  and  measurmaents  can 
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2. A. 2  Sputtered  6e  Films 

Larger  than  band  gap  photovoltages  In  evaporated  CdTe 
films  were  observed  by  Goldstein  and  Pensalc  (ref.  62) |  Kallmann 
and  others  also  observed  anomalous  photovoltages  In  evaporated 
Ge  f lists  (ref.  63).  Both  of  the  above  papers  concluded  that  an 
oblique  angle  of  deposition  of  evaporated  materials  was  essential 
to  the  production  of  photovoltages.  But  both  experiments  failed 
to  get  reliable  reproducibility. 

Since  the  crystal  structure  and  characteristics  of  Ge  are 
better  known  than  CdTe  or  other  materials,  Ge  presents  a  better 
choice  for  further  photovoltaic  study.  And  by  sputtering  in¬ 
stead  of  evaporating  Ge  onto  substrates,  temperature  gradients 
associated  with  oblique  deposition  by  evaporation  can  be  avoided. 
The  tube  Is  currently  under  construction.  Two  argon  discharge 
tubes  will  be  used  for  depositing  Ge  films  and  gold  electrodes 
respectively.  In  this  way  the  quartz  substrates  can  be  first 
cleaned  by  rf  sputtering  (ref.  64).  The  argon  dls^arge  tubes 
will  have  cathodes  at  both  ends  of  the  plasma  column  to  Increase 
the  plasma  density  so  that  the  deposition  rate  may  be  Increased. 
The  substrates  can  be  rotated  through  an  angle  of  about  0  to  70 
degrees. 

3.  CONCLUSIONS 

3,1  Overlayer  Studies 

Further  studies  of  the  system  Na  on  Ge  show  that  the  de¬ 
pendence  of  the  work  function  on  the  degree  of  coverage  displays 
anomalies  similar  to  those  previously  observed  In  measurements 
of  the  photoelectric  threshold  vs,  coverage.  The  work  function 
curves  seem,  however,  to  be  more  complex,  particularly  idien  the 
overlayer  la  deposited  In  atoodc  form.  The  electron  diffraction 
studies  and  the  secondary  yield  measurements  Indicate  the  source 
of  some  of  this  complexity,  apart  from  the  obvious  Influence  of 
the  adsorbed  sodium  on  the  surface  dipole  moment,  it  also  has 
two  auxiliary  effects  made  evident  by  these  measurements.  In 
the  first  place  surface  strains  seem  to  be  relaxed  by  the  ad¬ 
sorption  of  a  small  fraction  of  a  monolayer,  so  that  the  surface 
can  achieve  the  2-dlmenslonal  periodicity  characteristic  of  the 
bulk.  Secondly,  this  same  small  coverage  may  cause  a  drastic 
change  In  the  nature  of  the  surface  space-charge  la]rer,  l.e., 
convert  the  surface  from  p-type  to  n-type. 
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The  experimental  resolte  seem  to  Indicate  that  the  de¬ 
pendence  of  work  function  on  coverage  differs  according  to 
whether  the  coverage  Is  achieved  by  deposition  of  atoms  or  of 
Ions*  It  Is  possible  that  this  effect  Is  only  apparent  and  la 
due,  for  example,  to  a  change  with  coverage  of  the  atomic 
sticking  factor.  On  the  other  hand,  a  real  energy-dependent 
adsorption  phenomena  may  be  making  itself  evident— further 
experimentation  Is  obviously  required. 

The  electron  diffraction  apparatus  developed  in  this  labo¬ 
ratory  has  proven  to  be  suitable  for  the  Intended  purpose  and 
furthermore,  provides  a  convenient  structure  In  which  secondary 
electron  yields  may  be  measured  and  the  energy  distribution  of 
the  secondary  electrons  determined.  The  advantages  of  the  use 
of  '*a8  grown**  germanium  web  for  electron  diffraction  studies 
have  been  demonstrated. 

Germanium  which  has  been  cleaned  by  argon  bombardment  ex¬ 
hibits  1/2  Integer  order  beams  In  addition  to  stronger  integer 
order  beams  on  the  (111)  face.  Also  very  weak  1/8  order,  beams 
are  observed  in  certain  azimuths  indicating  a  weak  but  long 
range  surface  Interaction. 

The  results  obtained  on  germanium  with  sodium  overlayers 
are  not  yet  conclusive  but  merit  the  following  general  remarks. 
The  overlayer  of  sodium  la  not  seen  because  of  its  small  atomic 
number  in  comparison  with  germanium.  The  overlayer  esdilblts  an 
Indirect  effect  on  the  diffraction  pattern  through  changes  It 
produces  on  the  germanium  substrate.  The  double-spaced  surface 
structure  observed  for  clean  germanium  Is  relaxed  by  low  cover¬ 
ages  of  sodium  giving  a  strong  Ge  (111)  1-Na  structure.  No 
other  structures  are  observed  unless  the  crystal  Is  heated  with 
sodium  on  the  surface.  In  which  case  two  more  structures  are 
produced.  A  Ge  (111)  4-Na  structure  was  observed  after  heating 
the  crystal  at  low  coverages.  A  Ge  (111)  1-Na  structure  distinct 
from  the  above  mentioned  Ge  (111)  1-Na  structure  was  produced 
by  heating  at  a  lower  temperature  with  full  coverage.  These 
low- temperature  heating  studies  Indicate  that  the  sodium  dif¬ 
fuses  into  the  crystal  making  interpretation  of  the  resulting 
structures  difficult. 

The  secondary  emission  yield  Increased  by  a  factor  greater 
than  4  due  to  deposition  of  sodium.  Maximum  yield  occurs  at  a 
coverage  just  sufficient  to  achieve  minimum  work  function. 

Further  deposition  results  In  decreased  3d.elds.  Electron  3rleld 
enhancement  by  work  function  reduction  Increases  with  Increasing 
primary  energy.  A  proposed  explanation  for  the  break  In  the 
yield  vs.  work  function  curves  (Figs.  16,  17)  suggests  a  rapid 
change  in  Internal  field  upon  Initial  deposition  of  sodium  such 
that  the  work  function  and  electron  affinity  are  coincident 
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over  the  range  of  straight  line  fit  on  the  8eml>logarithniic 
plots  (Figs.  16.  17).  The  secondary  yield  appears  to  be  an  ex» 
ponentlal  function  of  electron  affinity.  Energy  dlstrltotlon 
measurements  demonstrate  a  characteristic  plasma  loss  of  17  eV 
and  another  suggested  loss  of  about  10  eV.  The  Increasing  width 
of  the  slow  energy  peak  with  Increasing  primary  energy  la  com¬ 
patible  with  the  greater  enhancement  of  yield  with  work  function 
reduction  at  high  primary  energies. 

It  appears  that  higher  desorption  fields  will  be  required 
to  clean  Ge  field-emitter  tips  than  are  obtainable  with  the 
present  dc  voltage  source.  It  will  be  necessary  to  improve  this 
technique  so  that  higher  fields  may  be  employed  while  maintaining 
control  of  the  desorption  process. 

3.2  Studies  of  the  Compound  Na3Sb 


It  was  concluded  that  the  double  evaporation  method  for 
evaporation  control  Is  not  feasible  for  these  studies.  Though 
some  difficulty  has  been  experienced  with  the  crystal  rate 
monitor  during  Na  evaporation,  with  appropriate  precautions.  It 
should  provide  a  reliable  measure  of  evaporation  rate  and  film 
composition.  It  has  been  demonstrated  that  with  slight  modifi¬ 
cations,  the  present  system  of  metal  evaporators  will  provide  a 
suitable  evaporation  source  for  Na  and  Sb.  The  tedinlque  of 
monitoring  film  deposition  and  heating  with  photoemlsslve  jrleld 
measurements  has  proved  very  useful  In  providing  Information 
concerning  film  formation  processes. 

The  photoemlsslve  yield  measurements  on  one  NasSb  film 
during  and  subsequent  to  Its  forsiatlon,  showed  that  the  photo¬ 
sensitive  region  of  the  film  (escape  region)  was  made  nearly 
stoichiometric  with  much  less  Na  present  than  that  necessary 
for  complete  film  stoichiometry.  It  was  suggested  that  Na  de¬ 
position  on  the  Sb  layer  resulted  In  a  gradient  In  the  Na 
concentration  (normal  to  the  plane  of  the  film) ,  as  opposed  to 
a  uniform  distribution  of  Na*  There  was  evidence  that  a 
gradient  of  excess  Na  also  existed.  Moderate  heating  may  have 
been  necessary  for  complete  activation  of  the  film.  Neverthe¬ 
less,  the  reaction  appeared  to  go  very  nearly  to  completion  at 
room  temperature.  It  was  observed  that  excess  Na  effected  two 
distinctly  different  peak  yield  decreases.  The  one  which  re¬ 
sulted  from  about  a  monolayer  of  Na  Is  attributed  to  a  surface 
effect,  idille  the  second  Is  thought  to  be  a  result  of  photoelec¬ 
tron  scattering  by  excess  Na  whldi  diffused  Into  the  bulk.  It 
was  concluded  from  the  results  of  heat  treatments  of  the  smnple, 
that  nearly  all  excess  Na  was  removed  by  evaporation  at 
temperatures  between  150*C  and  170*G. 
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Th«  Inert-atBocphere  facility  recently  Inetalled  haa  been 
shown  to  provide  a  anieh  purer  argon  atmosphere  than  did  the 
system  previously  employed.  S3mthesla  of  bulk  Na3Sb  should  be 
possible  in  the  new  system. 

i|.  RBCONMENDATIONS 

4.1  Overlayer  Studies 

The  work  function  studies  should  continue  with  particular 
emphasis  on  the  differences  between  atomic  and  ionic  deposition 
and  on  the  Influence  of  the  annealing  following  the  sputter- 
cleaning  process.  The  germanium  web  used  in  the  diffraction 
experiments  should  be  used  in  the  work  function  studies  as  well 
because  of  the  more  nearly  perfect  surface  available.  Once  the 
factors  which  control  the  work  function-coverage  curve  have 
been  clarified ,  concurrent  photoemission  and  work  function 
studies  should  be  carried  out.  Such  studies  were  initiated 
previously  and  were  shown  to  be  very  informative;  they  were  how¬ 
ever  temporarily  suspended  until  more  reproducible  surfaces 
could  be  achieved  using  the  work  function  by  Itself  as  a  monitor, 
ne  photoelectric  investigation  should  Include  measurements  of 
the  energy  distribution  of  the  photoelectrons  since  such  in¬ 
formation  would  be  of  assistance  in  determining  the  source  of 
the  photoelectrons  (i.e.,  surface  or  bulk). 

Since  there  is  some  evidence  that  Na  atoms  can  diffuse 
into  the  Ge  crystal  even  at  relatively  low  temperatures,  a  study 
of  the  diffusion  of  Na  in  6e  should  be  carried  out  and  the  in¬ 
fluence  of  dissolved  Na  on  the  electrical  properties  should  be 
determined. 

The  diffraction  patterns  observed  on  Na- covered  Ge  are 
believed  to  be  characteristic  of  the  Ge  surface  as  modified  by 
the  wesence  of  Na.  If  the  atomic  number  of  the  absorbate  were 
considerably  higher  it  might  be  possible  to  observe  the  latter 
directly.  It  is  therefore  recomamnded  that  the  diffraction 
study  be  repeated  using  Cs  as  the  absorbate.  Further  develop¬ 
ment  of  the  aluminosilicate  emitters  should  make  possible  a 
suitable  Cs  source  for  this  purpose. 

The  secondary  emission  measurements  should  be  cosqpleted, 
with  emi^sis  of  the  effect  of  coverage  on  the  electron  energy 
distribution  and  on  attempts  to  deduce  the  internal  energy 
distribution  from  this  data. 

The  field  emission  study  should  be  a  valuable  complement 
to  those  already  in  existence  and  its  continuation  is  recoss- 
mended.  The  field  desorption  technique  should  be  modified  so 
that  continuous  observation  of  the  desorption  process  is  possible 
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and  tha  aXactrolytlc  atchlng  taclmlquaa  shonld  be  refined  in 
order  to  Increaae  the  reliability  of  the  proceea.  An  alnaln- 
oaclllcate  Na  Ion  aotoree  ahonld  be  incorporated  Into  the  PEM. 

4,2  Stndlea  of  the  CeBq>eond  Na3Sb 


The  experlnent  currently  In  progreaa  to  detenelne  photo- 
emlaalre  yield  dependence  on  depoaltlon  parametera  (In  addition 
to  cryatal  monitor  calibration)  ahonld  be  completed.  Some  fllma 
ahonld  be  formed  with  a  thlckneaa  on  the  order  of  the  photoelec¬ 
tron  eacape  depth  to  obtain  a  more  accurate  dependence  of  yield 
on  film  atolchlometry.  It  will  be  advantageoua  to  aubject  aub- 
aequently  depoalted  fllma  to  a  aequence  of  heat  treatmenta, 
controlled  In  a  manner  which  will  provide  more  conclusive  In¬ 
formation  on  film  formation  proceaaea.  Following  the  completion 
of  thla  experiment,  the  evaporators  should  be  modified  In  order 
to  prevent  evaporation  onto  the  side  wall  of  the  tube.  The 
evaporation  control  flap  should  be  positioned  elsewhere  than  on 
the  evaporators  In  order  to  prevent  plugging  of  the  aperture | 
the  evaporator  temperature  sieasurement  should  also  be  Improved. 
The  possible  adverse  effects  of  Na  on  the  quartz  crystals  should 
be  further  Investigated.  The  proposed  conductlvlty-photoesilsslon 
meaaureaienta  section  of  the  tube  should  be  cosqpleted  and  used 
In  conjunction  with  the  modified  evaporation  unit  to  contribute 
further  to  the  correlation  of  photoemlsslve  yield  of  Na3Sb  with 
Its  semiconducting  properties  and  film  deposition  parameters. 

Since  the  new  Inert-atmosphere  facility  now  seems  ready 
for  use,  the  synthesis  of  bulk  NasSb  should  be  attempted  Im¬ 
mediately.  The  first  trial  should  involve  maintaining  a  sodium 
vapor  pressure  of  one  atmosphere  over  Na^Sb  at  Its  melting  point. 
When  the  conductivity  type  of  the  resulting  product  Is  determined 
the  conditions  to  be  used  on  subsequent  trials  can  be  determined. 
The  resistivity  and  Hall  effect  of  the  resulting  samples  should 
be  measured  as  a  function  o£  temperature,  with  the  objectives  of 
locating  and  Identifying  the  Impurity  levels  and  of  determining 
the  carrier  scattering  mechanisms. 

4,3  Anomalous  Photovoltaic  Effects  In  Semiconductor  Films 

The  bell- Jar  system  and  the  sputtering  system  should  be 
put  Into  operation,  Ge  films  prepared  and  the  photovoltaic  ef¬ 
fects  determined  as  a  function  of  the  deposition  parameters. 

The  latter  should  Include  substrate  temperature,  deposition 
rate,  and  the  angle  of  Incidence  of  the  evaporated  or  sputtered 
atoms  onto  the  substrate. 
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Fig.  S  Typical  V-I  Traces  Obtained  with  Low 

Energy  Electron  Oun  with  the  Ge  Crystal 
as  the  Target 
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Fig.  6a  Vibrating  Capacitor  Uaad  for  CFD  Meaauraaanti 
6b  Circuit  Uaad  for  CFD  Maaaaraaanta 
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Fig,  7  Chromium 
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Fig.  9  Work  Function 

Ionic  Deposition 
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Fig,  10  Electron  Diffraction  Tube  for  Sodium  Overlayer  Studies 
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PRIMARY  ENERGY  IN  ELECTRON  VOLTS 

Fig.  IS  Low  &iergy  Yield  Curves  at  Various  Overlayer  Coverages 
and  Reflection  Coefficient  from  Gerataniaa 
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Fig,  19  Eh«rgy  Band  Nodala 
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Field  E^ilssitm  Microscope  for  Rrellailnary  Studies 


Fig.  23  Field  Eidealen  Mleroaeepe  Mo.  2 
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a.  Ge  EMITTER  BLANK  (AFTER  SANDBLASTING) 


b.  IMPROVED  Ge  EMITTER  BLANK  (  BEFORE  SANDBLASTING ) 


Fig,  2k  Germanium  Emitter  Structures 
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Fig.  29  Ratio  of  Na.Sb  Spectral  Yields  for  Two  Light  Incidence  Angles 


Fig.  30  Tnprt  Atmosphere  Enclosure  and  Oxygen 
Removal  Unit 
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Tsehniques  used  to  obtain  high  vacua,  to 
provide  clean  surfaces,  to  deposit  Na  on 
these  surfaces  and  to  measure  their  work 
finetlons  are  described.  A  method  used  to 
fabricate  hemlsf^rical  grlos  Is  also  in¬ 
cluded.  Work  fiuctlon,  electron  diffrac¬ 
tion  and  secondary  emission  studies  of 
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sodium-covered  germanium  are  presented. 
Preparations  for  a  field-emission  study  of 
the  same  system  are  described.  In  the  study 
of  the  coag>ound  Na3Sb,  preliminary  data  on 
the  details  of  film  formation  have  been  ob¬ 
tained  and  the  inert  atmosphere  facility  for 
the  preparation  of  the  bulk  material  has 
been  completed.  A  brief  description  of  the 
apparatus  to  be  used  in  the  study  of 
anomalous  photovoltaic  effects  in  Ge  films 
is  given. 
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